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Cornea tissue is in high demand by tissue donation centres globally, and thus tissue engineering cornea,
which is the main topic of corneal translational medicine, can serve as a limitless alternative to a donated
human cornea tissue. Tissue engineering aims to produce solutions to the challenges associated with
conventional cornea tissue, including transplantation and use of human amniotic membrane (HAM),
which have issues with storage and immune rejection in patients. Accordingly, by carefully selecting bio-
materials and fabrication methods to produce these therapeutic tissues, the demand for cornea tissue

Received 20th July 2020, can be met, with an improved healing outcome for recipients with less associated harmful risks. In this
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review paper, we aim to present the recent advancements in the research and clinical applications of
cornea tissue, applications including biomaterial selection, fabrication methods, scaffold structure, cellular
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1. Introduction

The eye is an important organ in the human body, which pro-
vides vision, allowing the environment to be presented as a
visual image for humans to respond to. Furthermore, 65% of
the nerve pathways to the brain are used by the eye, indicating
how important vision is to human life." The cornea plays a
crucial role in protecting the eye and aids in concentrating
human vision by letting light into the eye.” This protective role
for the eye is shared by tears, the sclera, the eyelids and the eye
sockets, all simultaneously functioning to prevent the entry of
harmful particles. The cornea acts as an outermost layer of the
eye, which protects the internal parts of the eye and the lens
and retina from ultraviolet light damage.

Tissue engineered cornea is produced by fabricating a
scaffold from appropriately selected biomaterials, which is
then seeded with cells from different sources. These cells
differentiate into specific corneal structures, and once steri-
lised, this construct can then be implanted to replace a
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response to these scaffolds, and future advancements of these techniques.

defected cornea. Once implanted, the scaffold acts as a tem-
porary substitute extracellular matrix (ECM) until the seeded
cells generate a confluent tissue that can function naturally.
With the increase in the aging population, people are living
longer, and thus organs and tissue are expected to last longer
and continue functioning throughout their lives. Accordingly,
replacing diseased, aged and damaged organs will increase the
pressure on tissue banks as the population continues to grow.’
Consequently, engineered tissue can become an untapped
supply for surgeons to access whenever necessary, and
together with keratoplasty, which is a common surgery, it can
vastly reduce the strain on tissue banks and lower immuno-
logical rejection rates. Furthermore, the time that a patient
will have to wait for transplantation will be significantly
reduced since as the element of waiting for a donor organ is
removed entirely with multiple synthetic corneas made from
one donation of cells, and surgeons will be able to simply
retrieve a tissue engineered organ from a vast storage supply.”

2. Cornea anatomy and physiology

The cornea, which is found on the outermost layer of the eye
(as shown in Fig. 1), is an avascular connective tissue serving
as a transparent protective barrier to the eyeball, while acting
as the refractive surface for the eye to enable vision, making up
a sixth of the anterior spheroid.>® The human cornea can be
found anterior to the anterior chamber of the eye in front of
the pupil, iris and aqueous humour, lying continuously with
the sclera and conjunctiva,” where the only structure lying
superficial to the cornea is the tear film. A reservoir of pluripo-
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Fig. 1 Anatomy of the cornea in relation to the eye (figure belongs to
the authors).

tent stem cells is located in the limbus, the area where the
cornea meets the sclera.” The cornea is made up of five layers,
from the outermost layer to the innermost layer as follows: the
epithelium layer, Bowman’s layer, the stroma, Descemet’s
membrane and the endothelium, as shown in Fig. 2. However,
the cornea consists of only 3 cellular layers, which are the epi-
thelium, stroma and endothelium layers. Each layer serves a
function, collectively working together to allow the refraction
of light rays alongside the lens, allowing them to focus on the
retina to provide eyesight. Hydration of the eyes is achieved
anteriorly through tears and by the aqueous humor in the pos-
terior section of the cornea.® The acellular non-regenerative
layers are made up of collagen layers, which still have some
unknown importance to the function of the eye besides main-
taining the cornea shape; however, if damage occurs to these
layers, opaque scar formation can negatively affect vision.>*

2.1 The epithelium layer

The epithelium layer, which has a thickness of roughly 5-7
cells, makes up around 10% of the entire corneal density. The
primary role of the epithelium layer is to allow the even spread
of moisture to the surface of the cornea via cooperation with
the tear film and smoothness of its surface.” Similar to other
epithelial tissue found in the body, it serves to control the
entry of solutes and water through diffusion and allows evap-
oration from its surface to dehydrate the cornea.® The corneal
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Fig. 2 Layers of the cornea (reproduced from ref. 9 with permission
from Elsevier, Copyright 2019).°
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Fig. 3 Epithelial layer of the cornea, including the tear film, surface
cells, wing cells, basal cells and basement membrane cells (figure
created by the authors).

epithelium layer contains non-keratinized, stratified squamous
epithelium, and the top layers of these cells appear as
squashed polyhedral cells, which begin to appear rounder and
then longer deeper in the epithelium. The first 2-4 layers of
the epithelium are known as the surface squamous cells or
superficial cell, and beneath these cells are 1-3 layers of wing
cells. The next layer is a single layer of basal cells, and the
basement membrane lies at the bottom of the epithelium
layer, as shown in Fig. 3. The superficial cells, which contain
microvilli and microplicae on their surface, are coated by a
layer of glycocalyceal bodies, increasing the surface area to
increase tear film attachment and oxygen absorption.>®

2.2 The stroma layer

The stroma is located posterior to Bowman’s layer, which is
largely made up of collagen fibers and water, enforcing the
corneal strength, while simultaneously maintaining the
contour and transparency of the cornea.® The collagen fibers
are equal in size and appear as an organised structure parallel
to the cornea surface. These collagen fibers, which are
oriented parallel to each other, are known as fibrils and form a
lamellae structure, thus giving the cornea its shape and bire-
fractive property.'® If the cornea swells significantly, the
uniform spacing of the collagen fibers will be disrupted, dis-
torting vision due to light scattering.” The stroma is the largest
layer found within the cornea, making up approximately 90%
of the cornea with a thickness of approximately 0.5 mm,” and
thus is responsible for strengthening the cornea. To preserve
the shape of the cornea without deformation due to various
forces from the eye, the collagen fibrils within the stroma form
the load-bearing section of the lamellae. Furthermore, as the
main strength of the stroma, these collagen fibrils must
appear thin and long to enable the cornea to be transparent
without impeding structures.'®

2.3 The endothelium layer

The endothelium consists of one layer of hexagonal or poly-
gonal cells, which is only 5 pm thick.> The endothelium con-
trols the transparency of the cornea by limiting the entry of
metabolic factors,'! while maintaining an osmotic gradient to

This journal is © The Royal Society of Chemistry 2020
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keep the cornea dehydrated adequately.” Endothelial cells
prevent the cornea from becoming unclear and opaque,
where the endothelium pumps a surplus of fluid away from
the stroma.* Na'/K'-Adenosine triphosphate (ATP)-ase and
other active transport pumps can be used to move solutes
into the endothelium from the aqueous humor.® Anteriorly,
the endothelium attaches Descemet’s layer, whilst the pos-
terior side possesses microvilli, which protrude into the
aqueous humour to increase its surface area.” When corneal
endothelium cells (CEnCs) are destroyed, they do not regener-
ate in vivo in humans and have a set proliferative ability
in vivo,"” which is due to the absence of the G1 phase during
cell division.""

2.4 Impact of limbus niche

The activity of human body stem cells in any biological
system needs to be strongly regulated to guarantee that the
function of a tissue or organ remains stable. Accordingly, the
extracellular matrix and cell/tissue niche (microenvironment)
in which stem cells reside play an important role in regulat-
ing the fate of stem cells."® Consequently, the stem cell niche
is an extremely specialised, anatomically distinct zone of a
tissue, which provides suitable micro-environmental signals
essential to conserve a sub-population of cells that can par-
ticipate in the regenerative demands of a tissue at any given
time. The precise biological mechanisms such as soluble bio-
chemical factors, mechanical cues and metabolic factors, and
cell-contact-dependent signals by which the niche regulates
stem cell behaviour have only recently started to be eluci-
dated. Thus, the human limbus ring is an area of significant
interest with regards to recognising the niche components
that regulate corneal epithelial stem cells. In the human
ocular surface, there are some structures of the limbus that
separate it from both the conjunctiva and the cornea. The
stromal layer in the limbus forms papillae-like invaginations
known as the ‘palisades of Vogt’, in between which are
limbal epithelial crypts. Within these palisades of Vogt struc-
tures, a sub-fraction of basal epithelial cells expresses some
stem cell markers, such as canexin-43, Apé63a, Fzd7,
N-cadherin, ABCG2, and cytokeratin 19, which is consistent
with the notion that the limbus provides a specific stromal
micro-environment that is responsible for maintaining and
supporting corneal epithelial stem cells.'* Also, the limbus
stromal tissue is greatly vascularised and contains distinct
extra cellular matrix components such as ol and a2 collagen
IV, B2 laminin and vitronectin compared to the corneal
stroma, all of which may play a critical role in maintaining
corneal epithelial stem cells. Consequently, there is corres-
ponding evidence that direct biomechanical interactions
between the limbus stromal mesenchymal cells and epithelial
cells in the palisades of Vogt are essential in maintaining the
stemness property of the stem cell population.'> Due to the
dome-like topography of the human cornea, the distribution
of mechanical force at different corneal locations is variable,
which may favour stem cell maintenance at specific
locations.™®
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3. Common diseases associated with
the cornea

Conservation of a healthy cornea is critical to maintain the
refractive and transparent properties imperative to enabling
eyesight. This involves the cooperation of the layers of the
cornea, which regulate dehydration and the cells working
together, and if these processes are not carried out correctly, it
can lead to corneal defects.® Cataracts is the most common
cause of blindness worldwide, followed by cornea-related dis-
eases, where in 2005, it was estimated that 10-15 million
people were affected by blindness due to cornea issues."”

3.1 Corneal trauma

Trauma to the cornea can cause a decline in vision due to
deep surface injury and resultant dehydration of the local
tissue.'® Trauma can be in the form of burns (such as chemi-
cal, electrical and thermal) or from abrasion (physical contact
or foreign bodies entering the eye).'® Corneal transplantation
is often required since despite the swift treatment of burns,
scarring can cause blindness. However, corneal transplan-
tation is often ineffective in the case of alkali burns, with
transparency being reduced with time because of the reduction
in limbal epithelial stem cells.*’

3.2 Corneal edema

The endothelium layer controls and maintains the fluid
content in the eye, and thus if this cornea membrane is
damaged, oedema can form due to excess fluid retention,
resulting in a reduction in.”> Similarly, if the epithelium layer is
impaired, leakage into the stroma from the tear fluid can
occur.” This can become critical if chronic oedema occurs,
whereby the number of CEnC number can become so low that
the stroma deturgescence functionality fails and the cornea
swells.

3.3 Corneal dystrophies

Corneal dystrophies commonly present as deposits within the
cornea, which is usually inherited but can be caused by gene
mutation occurring at any point in life, potentially in any of
the layers of the cornea. This can usually be diagnosed and
analysed using retroillumination, with it presenting as cysts,
clouding, scarring or opacities. Symptoms include photopho-
bia, irritation, vision disturbance, reduced sensitivity and
pain.’®?' Dystrophies can cause astigmatisms, oedema, or
erosion, leading eventually to a reduction in the quality of
vision.®

3.4 Dry eyes

Dry eye (also known as hypolacrimation syndrome or kerato-
conjunctivitis sicca) can be caused by malfunction or
deficiency of one or more layers of the tear film. This can lead
to pitting on the surface of the corneal epithelium, reducing
the smoothness of the surface, resulting in cloudy or hazy
vision.” Dry eye can occur due to multiple conditions, includ-
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ing issues as severe as collagen vascular diseases and conjunc-
tival scarring to Vitamin A deficiency or drug side effects."’

Dry eye can be one of two types, either evaporative dry eye
or aqueous tear-deficient dry eye.

3.5 Corneal ulcers

Corneal ulcers are rare but severe cornea sores that can cause
blindness, which appear as opaque shapes over the eye surface
and occur due to various reasons such as infection, including
viral, fungal and parasitic, contact lens use, trauma and
dryness. Symptoms can include ocular pain, swelling and
increased cornea sensitivity, which can be identified by
corneal scraping or tandem scanning confocal microscopy.®

3.6 Corneal development anomalies

Corneal development anomalies are usually congenital and
present in paediatric cases, where this type of cornea defect
regularly reduces the vision in patients and can sometimes be
severe enough to cause blindness. The three most common
anomalies are megalocornea (larger than the normal horizon-
tal diameter of the cornea, which can cause nearsightedness),
buphthalmos (stretched/oversized cornea causing nearsighted-
ness) and microcornea (smaller than normal cornea causing
farsightedness)."

3.7 Corneal degenerations

Corneal degeneration can be age related, hereditary or spora-
dic, usually occurring later in life, and regardless of in one eye
or both, this degeneration rarely presents any symptoms in its
patients, but can cause vision disturbances. Degeneration of
the cornea can appear as opacities within the cornea layers,
deposits, cornea thinning, lesions, astigmatism or nodules."®
Some examples of corneal degenerations include crocodile
shagreen, limbal girdle of Vogt, arcus senilis, calcific band ker-
atopathy, Salzmann’s nodular degeneration, Terrien’s mar-
ginal degeneration, polymorphic amyloid degeneration and iri-
docorneal endothelial syndrome.

3.8 Corneal infections

Microbial keratitis is a common corneal disease resulting from
surgery, corneal damage, disease exposure and wearing
contact lenses. Keratitis is a category of cornea defects,
whereby the cornea becomes inflamed and can cause visual
impairment or pain. Issues can arise with the cornea because
of contact lens wear for a variety of reasons. Contact lens can
prevent proper oxygen circulation and cause drying of the eyes
or hypoxia, the solutions used in the lenses may cause an aller-
gic reaction or toxic effect within the eye, and the action of
mechanically putting the lens in and taking them out can
cause abrasion to the surface. Complications of microbial kera-
titis can result in epithelial microcysts, stromal oedema and
punctate staining.>”> Infections can be bacterial, protozoa,
fungal or viral and may require a biopsy to diagnose the cause
of photophobia, discharge or pain.*
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3.9 Corneal inflammatory disorders

Corneal inflammatory disorders are caused by autoimmune
conditions, which can be either infectious or non-infec-
tious, caused by trauma or different types of infective
agents. These disorders can cause blindness, and in severe
cases can be potentially life threatening, with some cases
being uncurable, where treatment only reduces the symp-
toms. Symptoms include inflammation, fluid seepage, styes,
debris, eye irritation, pits, excess vascularisation, pain, fila-
ment attachment, and photophobia.®?*> Some examples of
these inflammatory corneal disorders include chalazion,
ocular rosacea, phlyctenulosis, Thygeson’s keratitis and
blepharitis.

3.10 Metabolic disorders

Patients with metabolic disorders are at higher risk of devel-
oping cornea diseases, which can lead to a reduction in
corneal transparency. These diseases can be triggered by
unhealthy lifestyle, age, heart disease, and hereditary con-
ditions, such as enzyme defects, which can appear over the
entirety of the cornea, possibly on multiple layers. The pro-
gression of this disorder can lead to fluid build-up and even-
tually glaucoma, which is an eye condition where the optic
nerve is damaged and can worsen if not treated, leading to
vision loss. Metabolic disorders affecting the eye present as
opacities on the cornea, thinned cornea and discoloration of
eye components. Disorders that affect the cornea include but
are not limited to Peter’s anomaly, lipid metabolism dis-
orders, Axenfeld’s anomaly, osteogenesis imperfecta and
Wilson’s disease.®"’

3.11 Systemic and immunological disorders

Cornea diseases and defects presented due to systemic dis-
orders may be caused by various conditions such as auto-
immune diseases or dermatitis, where most patients with
these cornea issues are asymptomatic; however, regular eye
tests are recommended to detect these problems, which left
untreated, can worsen and reduce vision. Diseases that can
affect vision by altering the cornea include multiple myeloma,
Mooren’s ulceration, rheumatoid melt and Stevens-Johnson
syndrome. They can cause corneal ulcerations, ocular depo-
sitions, abnormal vascularisation, lesions and general corneal
discomfort.”*?

3.12 Corneal curvature defects

Cornea curvature defects are one of the most clinically
diagnosed issues by opticians, which normally require
glasses or contact lens prescription to correct a patient’s
eyesight. Thy occur when the curvature of the cornea is not
globular, and hence long or short sight vision may be dis-
turbed. The cornea may be enlarged, thin, have astigma-
tisms or have an unusual shape, which can cause pain,
vision decline, or oedema. Examples of the effects of
corneal curvature include corneal ectasia, keratoconus and
keratoglobus.®*%*!

This journal is © The Royal Society of Chemistry 2020
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4. Common treatments for corneal
defects and diseases

With cornea diseases being the second most common reason
for visual impairment, solutions to correct damaged cornea
are limited but highly sought after. Superficial damage to the
cornea can usually be repaired throughout the epithelium
layer; however, injury progression into deeper layers can
develop into more permanent deterioration. The lower layers
of the cornea, such as Bowman’s membrane or the endo-
thelium layer, do not have cell regeneration capability, and
therefore disturbance of these layers can cause corneal defects.
An example of this is shown in the endothelium layer, where
loss of endothelial cells from diseases such as Fuchs’ endo-
thelial dystrophy or endotheliitis can result in oedema and
distort vision because of swelling.

4.1 Antibiotics

Antibiotics can be used to treat bacterial keratitis, relieving the
patient of some symptoms and reducing corneal inflam-
mation.® Antibiotics such as tetracycline can be used for severe
infections, and if required the dose can be reduced for
extended use."”

4.2 Artificial tears

Artificial tears are the primary treatment for dry eye con-
ditions, which enable lubrication and protection of the
anterior cornea and tear film. For severe dry eye, high viscosity
artificial tears are recommended; however, they can cause blur-
ring, and thus are better to use at night.>*

4.3 Steroids

Corticosteroid creams can be used to treat some corneal infec-
tions; however, they have been known to reduce the immune
responses of patients, and thus make other infections easier to
infiltrate the body’s defences.® Steroids can also supress
inflammatory reactions and can reduce observable inflam-
mations, making it more difficult to observe more severe pro-
blems.** Cataract formation is a known side effect of corticos-
teroids, together with increased ocular pressure, and thus
despite their effectiveness in treating dry eye, they are not
highly recommended in most cases.”*

4.4 Amniotic membrane transplantation

Allografts of amniotic membrane (AM) are the gold standard
for the treatment of defects of intractable epithelial, thermal
and chemical burns, corneal ulcers, limbal cell deficiencies,
and Stevens-Johnson syndrome. However, despite the attractive
bioactivity and biocompatibility of AM, their mechanical
strength is low, which may prevent urologists from using AM
for supporting urinary tracts. Augmentation of AM with nano-
fibers is a hopeful strategy to produce novel bio-composites
with attractive specifications that meet the requirements for
regenerative urology. This novel bio composite made of AM
and PLCL (poly(r-lactide-co-caprolactone)) nanofibers has been

This journal is © The Royal Society of Chemistry 2020
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applied to replace the bladder wall after regional cystectomy.
Gune et al. showed that covering a regenerated section of the
urethra after mucosa graft urethroplasty may prevent fistula
formation.>® Biotechnology suggests strategies to enrich bio-
composites for tissue regeneration in order to manage their
bioactivity and biocompatibility. HAM transplantation is used
as a carrier for cell expansion, repairing the cornea by encoura-
ging cell renewal; however, because this treatment involves
allogenic biological material, it poses transmission risks from
the donor to the patient and requires screening.

4.5 Keratoplasty

Keratoplasty, commonly referred to as corneal transplant
surgery, involves removing an area of affected cornea from a
patient and replacing it with healthy cornea tissue from a
donor. This can involve replacing either the entire cornea or
specifically damaged layer(s) of the cornea. Corneal endothelial
deficiency may be treated with Descemet stripping with auto-
mated endothelial keratoplasty (DSAEK). DSAEK involves repla-
cing the endothelial layer of the cornea, rather than the entire
cornea (penetrating keratoplasty), which can lead to better
results and fewer complications.” Penetrating keratoplasty is the
most invasive surgery, involving full-thickness corneal grafting,
whereas lamellar keratoplasty involves partial-thickness trans-
plantation, preserving healthy tissue and replacing defected
tissue with corneal tissue from eye banks. There are two types
of lamellar keratoplasty, namely anterior lamellar keratoplasty,
which is the transplantation of the epithelium layer, Bowman’s
layer and the stroma, and posterior lamellar keratoplasty, which
is the transplantation of Descemet’s membrane, endothelium
layer and potentially the posterior stroma.®

4.6 Corneal glue

In small defects less than 3 mm in the anterior cornea segment,
tissue adhesives can be used to close perforations, defects and
other open wound injuries.”® This procedure involves the
denuding of tissue around the defect area, drying the area and
then applying the adhesive, before covering the eye to keep the
cornea clean. This treatment is quicker and less complicated
than suturing, while reducing the chance of infection and pro-
viding an alternative to transplantation surgical attachment.®

4.7 Excimer laser phototherapeutic keratectomy (PTK)

When the cornea has issues with smoothness or clarity, kera-
tectomy can be performed, which involves the removal of
surface imperfections via surgery or use of a laser. After treat-
ment, the patient should be given antibiotics and corticoster-
oid drops until re-epithelisation is complete and the surface
has healed, preventing further infections.® Excimer lasers (a
type of ultraviolet laser) can be used during PTK, which
remove opacities or abnormalities within the stroma layer of
the cornea without affecting the epithelial layer. This treat-
ment is carried out on defects such as frequent corneal
erosion reoccurrence, scarring or nodules located superficially
to the eye and anterior (to the stromal layer) corneal
dystrophies."’
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4.8 Refractive surgery

Interestingly, contact lenses have been adapted to not only
correct impaired eyesight, but also to treat ocular surface dis-
eases. These therapeutic contact lenses can be used to deliver
drugs or reshape deformities with stiffened lenses.>® Where
glasses cannot improve the vision of a patient with refractive
error such as near-sightedness (myopia), far-sightedness
(hyperopia) or an astigmatism, refractive surgeries are an
option.

5. Justification for the need for tissue
engineered cornea scaffolds

Human donated cornea tissue is highly sought after to enable
surgeons to correct cornea defects, which can resolve vision
difficulties, reduce pain and even help patients regain their
sight. At the NHS Blood Transplant (NHSBT) eye banks in the
UK, in September 2017, 79% of the required cornea donor
tissue was available,>® which means that 21% of the patients
requiring corneal transplants were unable to have surgery at
that time. The demand for human corneal tissue will continu-
ously increase because as the aging population increases, the
strain on the tissues in the human body will increase, resulting
in problems that require attention. Hence, it is necessary to
create alternatives to keratoprosthetics and use of donor
tissues. The need for cornea tissue engineering is not limited
to the UK, where over 10 million individuals worldwide experi-
ence bilateral corneal blindness.?”

6. Requirements of tissue engineered
cornea

Undoubtedly, tissue engineering has become significantly
important in the field of medicine, providing an alternative to
prosthetics and donor tissue. To create a highly functional syn-
thetic tissue that closely resembles native healthy tissue, there
are some imperative determinants that can dictate the success
of the tissue in vivo. Tissue engineered scaffolds serve as a
framework for appropriate cells to be seeded to grow through-
out the body. Thus, these scaffolds need to be made of appro-
priate biomaterials, and depending on the tissue desired to be
synthetically replicated, their properties will be highly variable.
In the case of tissue engineering corneal tissue, together with
other factors, the materials chosen will need to possess the
correct transparency, suitable strength, and sufficient degra-
dation rates to match cell growth.

Transforming materials into scaffolds requires choosing
beneficial methods, where the method is extremely crucial to
ensuring the mechanical properties are adequate to prevent
collapse of the scaffold, and bestowing a distribution of pores
for tolerable porosity. Once a biodegradable scaffold has been
produced, appropriate cells should be seeded into the scaffold,
and then the entire structure should be placed into a bio-

6474 | Biomater. Sci, 2020, 8, 6469-6504

View Article Online

Biomaterials Science

reactor to expand the tissue encompassing the scaffold,
making it ready for implantation.?

6.1 Biodegradability

The degradation rate of bioengineered scaffolds for the cornea
is vital in ensuring that the scaffold degrades at a similar rate
to the natural ECM and cell regeneration, where the scaffold
mass loss should be proportional to the tissue growth rates.”®
Early degradation can cause mechanical weakness of the new
tissue and result in its failure, potentially further damaging
the cornea. When a bioresorbable material is placed in the
body, it begins to degrade, eventually breaking down via hydro-
Iytic and/or enzyme mechanisms to be taken in by the blood
stream or exhaled in the form of carbon dioxide depending on
the material. Biodegradable scaffolds can be left in the body,
not requiring removal after healing, reducing discomfort to
the host.

The process of degradation begins once the scaffold is
implanted in the body. Water ingresses into the biodegradable
scaffold, cleaving the cross-links, side chains and backbone
linkages between its units. This results in degradation from
the centre of the polymer, degrading outwardly, sometimes
causing ‘acid bursts’ of degradation products. Inflammatory
responses can result due to acid release from the scaffold,
more likely with bulk erosion degradation, depending on
whether the scaffold has been neutralised and if the material
is hydrophobic or hydrophilic.>® Hydrophilic scaffolds tend to
increase the chance of inflammation, with ‘acid bursts’ being
frequent, whereas hydrophobic scaffolds cause surface
erosion, releasing the acidic by-products slower. Eventually the
scaffold will be replaced entirely with new tissue, with the rate
depending on various factors.

To control the degradation rate of scaffolds, there are
various parameters that can be altered, which include altering
bonds or functional groups, changing porosity, varying the
crystallinity, copolymerising to adapt the hydrophilicity and
changing the morphology of the scaffold.*

6.2 Biocompatibility

For synthetic cornea to be implanted into the body of an
animal with no immunological rejection, it must be non-toxic
and not cause adverse reactions in anyway, thus the biomater-
ial must be biocompatible. This should firstly be tested
in vitro, screening the construct for cytotoxicity, hemocompat-
ibility and genotoxicity. If in vitro testing is successful, with no
incompatibility signs, then the cornea can be tested in vivo, on
laboratory bred animals. In vitro tests involve acute systemic
toxicity, subchronic toxicity, and implantation testing. This
variety of testing ensures that the tissue engineered cornea
does not cause damage or any adverse reactions to the body to
varying degrees in vivo.>" After vigorous in vitro and in vivo ana-
lysis, then human trials can be considered.

Importantly, cellular reactions to foreign material implants
can result in undesirable affects, and extrusion from the
implant surface and ingestion from macrophages can occur. If
the material is not biocompatible and acts as an irritant,

This journal is © The Royal Society of Chemistry 2020
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inflammation can appear, resulting in reduced healing or cell
growth, potentially leading to cell necrosis.**

Biocompatibility can be improved by changing the compo-
sition of the scaffold materials, where various components can
be added to otherwise incompatible materials, creating bioma-
terials with a variety of useful properties.

6.3 Mechanical properties

Synthetic cornea must be able to ensure the stresses presented
from both eye movement and intraocular pressures can be
withstood, where blinking alone puts pressure on the cornea;
therefore, resistance needs to be present. Mainly, the mechani-
cal strength of the cornea and the sclera comes from the
fibrous collagen arrangements.” The mechanical properties of
synthetic cornea can be altered by changing the material com-
position and the structure and layout of the material via fabri-
cation methods. In our previous studies, for mechanical
testing, PLGA membranes were cut into rectangles and a Bose
Electroforce 3100 tensile test machine (Bose, MN, USA) was
used to carry out mechanical tests on the membranes.
Specifically, the membranes were clamped in place using
stainless steel clamps and pulled apart at different rates.>***

6.4 Cell attachment suitability

For creating a suitable environment for attachment on
scaffolds, a few methods are available to encourage cell attach-
ment. Crosslinking is an option to improve cell attachment,
where previously collagen was crosslinked with glutaraldehyde
(GA)* or by carrying out dehydrothermal treatment.*® Ideally,
the biomaterial should not result in cell death or create a toxic
setting that can impact cell growth, which requires its chemi-
cal composition to be carefully considered. Also, for kerato-
plasty, once the type of keratoplasty is known, the next
decision is to determine if it is crucial to culture cells in the
scaffold prior to transplantation or to design the scaffold to
allow the patient’s own cells to repopulate it in vivo post-trans-
plantation.’” Additionally, corneal endothelial cells have poor
proliferative capacity, and thus implanting a biomaterial alone
without cells will probably not be effective.*® On the other
hand, for patients with limbal stem cell deficiencies, cells are
required to repopulate the limbal region of the eye.*®

6.5 Water permeability

To ensure visual clarity, the cornea needs to be suitably wet
and permeable to create a balance between adhesion and
cohesion of molecules. If the synthetic cornea becomes too
wet, the scaffold may become less stiff and limp, but the
cornea needs to have strength to prevent breakage from ocular
pressures and environments. Excess water intake can also
change the shape of the cornea or increase the degradation
rate of the scaffold, reducing its refractive properties and
resulting in weaker vision acuity; hence, a balance needs to be
found. Sufficient hydrophilicity must be present in the scaffold
to prevent dry eye and allow clear vision, and therefore treat-
ment can take place after scaffold production to control water

This journal is © The Royal Society of Chemistry 2020
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permeability, such as cross-linking or inclusions can be intro-
duced to the biomaterials used to make the scaffold.

6.6 Transparency

Transparency is not only important to give clear vision, it also
allows easier assessment of healing and examining for infec-
tion." Thus, it is important to preserve the functionality of the
sodium and potassium ATP pumps within the endothelial
layer since, as discussed previously, high transparency is the
result of these pumps maintaining the equilibrium of the
cornea.

Thicker scaffold fibers have been shown to reduce transpar-
ency; however, by decreasing the thickness of the fibers, the
mechanical strength is compromised and reduced, and there-
fore strengthening of scaffolds must be carried out via other
methods rather than increasing the fiber diameter.*®
Additionally, the presence of collagen fibril free regions, which
is caused by problems such as corneal oedema, can lead to
visual distortions, where the larger these areas, the worse they
are.”

Although the stroma may be deemed necessary to have
aligned fibers throughout it, Bowman’s layer displays irregular
alignment, but still allows light transmission, and therefore it
is suggested that collagen fibrils need to be evenly spaced and
be thinner than the wavelength of light as a priority.*"**

6.7 Porosity

High porosity in scaffolds fabricated for application in cornea
tissue engineering is extremely crucial in allowing the move-
ment, attachment, proliferation and differentiation of cells.*?
The greater the porosity of a scaffold, the higher the rate of
nutrient transfer around the scaffold and cell infiltration into
the pores due to the increased area where cells can move into
and adhere to."* The size of the pore can also determine the
purpose of the pore, for example, a nano-sized pore will likely
be filled when the ECM expands, whereas a macropore will
have cells seeded within them and grow throughout.

A higher porosity can increase the surface area, thus
increasing the degradation rate and enabling faster cell infil-
tration. Cell infiltration is an important factor in porous bio-
materials, but the pore size is crucial since there is a risk of
epithelial cells moving to the neighbouring stroma region,
which can cause more complicated problems. A high surface
area to volume ratio can enable greater fiber regulation and
result in improved mechanical strength.*® The porosity of a
scaffold can be determined via microscopy to estimate the
pore size and distribution both on the surface and within the
scaffold. Alternatively, porosimetry or porometry can be
carried out, which involves placing a wetted scaffold in a
sealed chamber, then a gas is introduced in the chamber.
Bubbles from the fluid and gas form due to the pressure of the
gas increasing, showing where the largest pores reside. The
gas is continually introduced until the scaffold becomes dry,
identifying the percentage of the scaffold that contains pores,
and hence allowing its porosity to be determined.” However, it
should be noted that soft materials such as cornea scaffolds
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may not be able to withstand the pressure applied from the
gas and it may not be possible to conduct porometry, giving
inaccurate results. Besides, freezing can be carried out, but
this can create ice crystals, which destroy the structures within
soft scaffolds.

7. Biomaterials for tissue engineered
cornea

Biomaterials for tissue engineering can be natural or synthetic,
which both have advantages and disadvantages. The tissue
engineer has to decide which biomaterial is most suitable,
with its advantages outweighing its disadvantages. Natural bio-
materials have the advantages of being highly biocompatible,
controllable, and can function at the molecular level. However,

View Article Online
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natural biomaterials can provoke an immune response,
increasing the chances of host rejection, and they can degrade
quicker than needed, providing insufficient mechanical
support, as shown in Table 1. Synthetic biomaterials are useful
when it is necessary to control physical and chemical pro-
perties closely, allowing the manufacturer to mimic the native
tissue closely via porosity and other required structure com-
ponents. Synthetic biomaterials need to be carefully con-
sidered and evaluated before in vivo testing since degradation
of some synthetic biomaterials can provoke unwanted adverse
reactions that can harm the body, for example upon degra-
dation or contact with a specific environment,*®> as shown in
Table 2.

Polymers are more suitable than other synthetic and
natural biomaterials for application in corneal tissue engineer-
ing, where their manufacture is relatively straightforward, and

Table 1 Natural biomaterials used for tissue engineering of cornea tissue, and their advantages and disadvantages

Biomaterial Advantages Disadvantages Ref.
Collagen (I) Biodegradable (I) Unstable 35, 36,
(I1) Biocompatible (I1) Degrades rapidly 46-52
(II1) Encourages cell adhesion (III) Expensive
(IV) Easy to produce (Iv) Shrinks at cell introduction
(V) Component of stroma therefore compatible (V) Overall has poor mechanical toughness and elasticity
with corneal cells (depends on the processing method)
(VI) Can be crosslinked to improve properties
(VII) Can be organised to match native tissue
Gelatin (I) Cheaper than collagen (I) Degrades faster than collagen due to removed 47,49
cross-linkages and 53
(I1) Derived from collagen
(11I1) Same amino acid structure as collagen
(IV) Better transparency than collagen
(V) Good elastic modulus
Chitosan (I) Found naturally in insects, algae, fungi and (I) Can swell in aqueous conditions if not crosslinked or 45, 54-56
crustacean shells combined with a stabiliser
(II) Non-toxic (I1) Degrades in less than 8 weeks
(111) Biodegradable (III) Compact internal structure reducing cell proliferation
(Iv) Encourages wound healing
(V) Transparent
(VI) Good mechanical strength
Hyaluronic Acid (I) Found naturally in the vitreous humour of Rarely, it may cause allergic reactions. Also, can increase 32 and 45
(HA) the eye eye pressure when injected into the eye.
(I1) Has good electrospinning ability
Silk Fibroin (SF) (I) Very versatile material can be formed into (I) Not durable against UV radiation 11, 47,
various scaffold types and inexpensive 57-59
(1) Biodegradable and good cell viability (I1) Opaque material
(1) Sturdy in water (III) Not great biocompatibility
(IV) Good mechanical properties
(V) Porous scaffolds
(VI) Can be combined with collagen to improve
cell attachment and proliferation
Chondroitin (I) Similar to HA structure Increase in corneal thickness during storage has been 32,36
Sulphate (CS) (II) Found naturally in the ECM observed. No side effect or disadvantage reported. and 60
(I1I) Used to therapeutically treat disorders
(IV) Transparency increases over time
Decellularized (I) Comparable properties to native cornea (I) Limited by human cornea donations 61-63
Cornea (I1) Low rates of immune-rejection (II) Require screening for diseases

(III) Better transparency
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Table 2 Synthetic biomaterials used for tissue engineering of cornea tissue, and their advantages and disadvantages
Biomaterial Advantages Disadvantages Ref.
Poly lactic acid (PLA) (I) Biodegradable (I) Takes 10 months to fully degrade 64 and 65
(IT) FDA approved (I1) Poor cell adhesion without
(I1I) Passes naturally from the body when degrading surface modification
(IV) Flexible
(V) Can be produced from plant extracts
(V) Can be semi-crystalline or amorphous
Poly glycolic acid (PGA) (1) Biodegradable (I) Excessively stiff 45, 54, 64 and
(I1) FDA approved (I1) Mechanical properties become 65
poor after 6 weeks
(III) Passes naturally from the body when degrading (I11) Poor cell adhesion without
surface modification
(Iv) Stronger than PLA
(V) Takes 4 months to degrade
(V) Transparent after around 8 weeks
Poly lactide-co-glycolide (I) Reduced stiffness compared to PGA (1) Shrinkage can occur when cells 33,47, 54, 64
(PLGA) are introduced and 66
(II) Degradation rate can be altered by changing ratio  (II) Poor cell adhesion without
of PLA to PGA surface modification
(111) Not harmful to the body (1I1) Poor mechanical strength
Poly-e-caprolactone (PCL) (I) Biocompatible (I) Extremely slow degradation speed 44, 45, 47,
(I1) Biodegradable (IT) Low-melting temperature 67-69
(1I1) Good cell viability (1) Highly hydrophobic
(Iv) Approved as cell carrier for the retina and (IV) Poor transparency
conjunctiva due to non-toxicity
(V) Flexible (V) Poor cell adhesion without
surface modification
(VI) Inexpensive
(VII) Can produce fine fibers when electrospun
Poly vinyl acetate (PVA) (I) Biocompatible (I) water soluble 44, 56, 65 and
(IT) Good transparency (I1) Degrades quickly 70
(II1) Can produce nanofibers when electrospun (II1) Poor mechanical strength
(IV) Poor cell adhesion without
surface modification
Polyglycerol sebacate (PGS) (I) Elastic (1) Difficult to obtain 52, 65 and 71
(I1) Transparent polymer (I1) Requires crosslinking
(111) Biocompatible (I11) Degrades quickly
(Iv) Biodegradable (IV) Poor cell adhesion without
surface modification
(V) Adaptable to control degradation rates and
mechanical strength
(VI) Can be used as a shape memory polymer
Poly-i-lactic acid (PLLA) (1) Isomer form of PLA (I) Not as transparent as PLA 45, 65 and 72
(I1) Can produce fibrous scaffold for wound healing (I1) Degrades slower than PLA
(III) Transparency increasing over time (I11) Poor cell adhesion without
surface modification
(IV) Good biocompatibility
Poly-N-isopropylacrylamide (I) Encourages cell adhesion and growth (I) Monomer is toxic to neural tissue 54, 73-75

(pNIPAM)

their biodegradability can be controlled.? Polymers can be dis-
solved in solvents to create a solution suitable for shaping
using different techniques.”® Nonetheless, polymers as

(II) Non-cytotoxic and biocompatible

(I11) Easy to manufacture

(IV) Relatively simple to adapt mechanical properties
(V) Changing the tissue temperature can alter
attachment properties

(VI) Thermosensitive hydrophobic/hydrophilic
changes

(VII) Can be combined with other materials to
improve properties

This journal is © The Royal Society of Chemistry 2020

(I1) Expensive

scaffolds can prove disadvantageous due to their properties,
resulting in toxic leaching or biodegrading too quickly, elimi-
nating the structural support too early. Furthermore, their
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morphology can be poor due to their molecular weight or poor
solution concentration, leading to scaffolds with fibers with
excessive diameters or unacceptable layouts. Natural and syn-
thetic materials can be combined to control their properties
more closely and include more functional aspects, for example
to improve their strength and reduce their degradation rate.
Ideally, the biomaterials used for a tissue engineered cornea
scaffold should have the ability to work similarly of that to the
native cornea ECM, with as few side effects as possible.
Table 3 presents the key information on the biomaterials used
in cornea tissue engineering experiments in comparison to the
native cornea. Overall, polylactide-co-glycolide (PLGA) has been
demonstrated to be one of the best biomaterials with promis-
ing results for cornea regeneration.

8. Synthetic cornea scaffold
fabrication methodology

Tissue engineering scaffolds can be produced in a multitude
of ways, although only some methods may be suitable for
cornea applications. One property all tissue engineering
scaffolds need to have is the ability to replicate the native ECM
to allow cells to adhere and proliferate appropriately, thus
filling and repairing a defected area that would not heal by
itself.

8.1 Electrospinning

Electrospinning is a widely used technique utilised for produ-
cing tissue engineered scaffolds, as shown in Table 4. The
structure of electrospun fibers has been proven to act similarly
to that of the natural ECM, creating an environment for cells
to adhere and proliferate.***°

Electrospinning usually involves polymer solutions, which
are placed in a syringe connected to a needle (also known as a
spinneret), and a voltage is supplied.®? The anode is connected
to the needle tip, while the cathode is attached to a collector
plate, maintaining a fixed voltage between them, applying a
voltage between the two components. Pumping of the solution
from the needle tip occurs at a specific flow rate, creating
fibers from the solution in the syringe.”® The fibers created
gather on the collector plate in either an aligned or random
arrangement, both with various success in cornea appli-
cation.”® Then, after leaving the fibers to set for some time,
the scaffold becomes handleable and can be further processed
by seeding cells or sterilisation since the solvents would have
evaporated.”>”®

Electrospinning processes can be highly interchangeable,
with a variety of parameters that can affect the outcome of the
fibers and the scaffold morphology if not selected carefully.
Some of these parameters include needle type, applied voltage,
flow rate, distance from the spinneret to the collector, temp-
erature and humidity.*® Table 5 shows some electrospinning
parameters and the results obtained by experiments creating
electrospun cornea scaffolds.

6478 | Biomater. Sci., 2020, 8, 6469-6504
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Electrospinning has been widely investigated with the goal
of creating strong but fine fibers to allow maximum cell attach-
ment. Generally, to alter the outcome of an electrospun
scaffold, the parameters can be changed, as listed in Table 5,
to tweak the fibers with compliant biomaterial solutions.

8.2 Microstereolithography

Microstereolithography can be used together with electro-
spinning, creating templates that can be used to control the
shape of the scaffold during electrospinning.®

Typically, microstereolithography involves mixing a photo-
curable resin with a photoinitiator, and then the mixture is
irradiated using a laser. The laser is then controlled by a com-
puter to create specific shapes, curing the resin layer by layer
as the reflected light is collected by a digital multimirror to
show a projected image to shape into.®°

This technique has been used to form a two-layer structure,
containing a ring-shaped layer and a layer with micropockets
to collect limbal cells. Ortega et al. used this scaffold as a
potential limbal stem cell source for the cornea.®®

8.3 Hydrogels

Hydrogels are non-fibrous scaffolds created by dissolving poly-
mers in solvents and then freezing the solution to set into a
hydrogel.’” Subsequently, the gels are dehydrated before
placing them in various solutions, treating and sterilising
before culturing cells into them.®® Hydrogels alone as a
scaffold possess poor mechanical strength, which is because
they lack fibrous structures to create a synthetic ECM; however
their high-water content is useful for replicating the cornea
native environment.”®

Miyashita et al. used PVA hydrogels to create epithelial
sheets for the cornea. These hydrogels were tested on rabbit
cornea after culturing with human CEpSCs and rabbit epi-
thelium cells, transplanting them into pockets made in the
stroma. The success of this experiment was variable, with 33%
of the trials resulting in PVA-collagen detachment from the epi-
thelium, and the rest showing good epithelialisation. Tight
junctions were considered present due to testing using horse-
radish peroxidase, which did not travel to the intracellular
spaces, and microvilli were observed on the anterior cells.
Overall Miyashita et al. showed that their hydrogels were
potentially viable for use with keratoprotheses or epithelium
healing; however no basement membrane was present, and
the sutures loosened, causing detachment.®®

Tonsomboon and Oyen combined alginate hydrogels with
electrospun gelatin nanofibers crosslinked with either ethanol
or water in attempt to mitigate the mechanical strength issues
with hydrogels alone. This method involved electrospinning a
gelatin scaffold, desiccating it, and then submerging it in an
alginate solution. However, this mixture resulted in opacity
compared to the hydrogels alone although the elastic modulus
increased, and therefore is an unsuitable solution to replace
defected corneas. In comparison to porcine cornea, the
ethanol crosslinked gelatin scaffolds were less transparent, but
exhibited higher mechanical strength, whereas the water cross-

This journal is © The Royal Society of Chemistry 2020
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82

0.493

NA NA NA

NA

1.749

0.224-0.348 NA

NA

NA

NA

Cell free
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linked scaffolds showed better light transmission; however,
this technique still requires development.”®

Bakhshandeh et al. also created a corneal scaffold using a
plasma-treated PVA hydrogel infiltrated with PCL electrospun
nanofibers. PCL was electrospun using the parameters listed
in Table 6, and then plasma treated. The PVA hydrogel was
created by mixing the PVA with deionized water and dimethyl
sulfoxide (DMSO), before heating and freezing it to create the
gel. These two materials were combined, having the hydrogel
as the centre of the scaffold with the PCL scaffold being cut
into a ring and placed at the edge of the hydrogel. The
authors found that this construct possessed good elasticity,
transparency and cell adhesion. However, despite the high
porosity in the PCL fibers, the hydrogel had no porosity,
which will slow cell attachment, and thus requires
modification.**

Li et al. constructed a hydrogel to represent the stroma
layer of the cornea using collagen mixed with various copoly-
mers at different ratios to test the property change. The
authors used contact lens moulds to set the hydrogels and
crosslink the collagen/copolymer mixture. Phosphate buffer
saline (PBS) was used to remove any unwanted functional
groups, and subsequently sterilise the hydrogels. This resulted
in a cornea-shaped tissue construct, which was transparent,
encouraged cell growth and adherence, with no inflammatory
affects when tested in vivo in micropigs. Additionally, nerve
regrowth occurred after 3 weeks, with sensitivity slowly return-
ing. In comparison, the collagen only hydrogels were opaque,
thinner and mechanically weak.”®

8.4 Self assembly

Self-assembly is a highly adaptable method to produce
scaffolds, where the integrity of the structure can be altered by
changing the solvent, solvent concentration, pH, temperature
and ionic strength. This reversible technique involves various
non-covalent bonding methods, which is performed in an
environment where no spontaneous changes can occur, with
or without dissipating energy to form structures. Self-assembly
usually involves amphiphilic molecules and occurs naturally in
lipids, bone, teeth and shell formation. When creating a self-
assembled structure to form a scaffold, the individual frag-
ments come together to form a whole mass, where a solvent-
solute mixture is initially separated until the concentration
range is exceeded by the solute concentration, forming
micelles of different shapes.®®

A group used this method to produce synthetic cornea con-
taining three untransformed cell types, constructing a stroma
using fibroblasts to create an ECM environment, seeding endo-
thelial and epithelial cells on either side of the self-assembled
stroma to mimic the native cornea. The resulting stratified epi-
thelial cells and the endothelial cells formed a single layer of
cells after 10 days and replicated the native cornea cells fea-
tures closely.”®

Self-assembled scaffolds are widely used in drug delivery
applications, lessening the side effects of drugs, controlling
the timing, solubility and dosage to specific locations by con-

This journal is © The Royal Society of Chemistry 2020
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Table 4 Electrospinning parameters used for different materials and their success

Syringe and Voltage Flow rate Collector

Material needle type (kv) (mLh™") distance (cm) Author Result

PCL dissolved in 24 G 15 0.5 13 69 Transparent cornea structure.

trifluoroethanol (TFE)

Gelatin 20 mL, 18 G 12 0.18 10 76 Opaque but strong.

9% aligned PVA-collagen 5mL, 23 G 15 0.2 170 43 Good mechanical strength, low
transmittance.

1:1 PGS/PCL 13 wt% 26 G 12.5 1 12 52 Transparent stroma structure.

1:1 PGS/PCL 13% (w/w) 10 mL, 26 G 12.5 1 12 80 Nearly fully transparent, slow degradation.

2:1 PGS/PCL 18% (w/w) 10 mL, 26 G 18 1 12 80 Nearly fully transparent.

3:1 PGS/PCL 18% (W/w) 10 mL, 26 G 20 1 12 80 Nearly fully transparent, higher cell viability
than1:1and 2:1.

4:1 PGS/PCL 18% (w/w) 10 mL, 26 G 20 1 12 80 Slightly less transparent than 1:1-3: 1, fast
degradation, higher cell viability than
1:1-3:1.

Collagen crosslinked foams with ~— 13 0.24 10 78 Split-layer cornea structure.

fibers

5 wt% collagen dissolved in 2mL, 20 G 4-9 0.05-0.3 — 35 Fine collagen fiber 2D corneal scaffold.

acetic acid

70: 30 gelatin PLLA 5mL,0.4mm 15 1.8 18 72 Fibrous scaffold non-toxic.

diameter

Plasma treated PCL 24 G 15 0.5 13 68 Good transparency, mechanical strength and
cell proliferation.

25:75 SF/P(LLA-CL) 2.5 mL 12 1 11 84 Good transparency, cell attachment and cell
proliferation.

PLGA onto microstereo- 5 mL 10-13.5 1.8 15 66 Good cell attachment and proliferation, poor

lithographed PEG diacrylate transparency.

(PEGDA)

PLGA and dichloromethane 5mL, 0.8 mm  10-15 3 20 33 Good cell attachment.

needle

PLGA on PEGDA templates 0.8 mm 12-15 1.8 15 85 Useful for shaping on templates.

PCL/collagen 12 mL, 20 G 15 1 15 40 Hemispherical cornea scaffolds, good
mechanical strength, transparent and good
cell proliferation.

PCL — 20 0.5 15 44 High porosity, with good mechanical
properties and transparency.

PLGA 50: 50 PLA to PGA 5mL, 0.8 mm  10-15 3 — 33 Fast degrading, good cell adhesion and
proliferation.

PLGA 50: 50 PLA to PGA 5mL, 0.8 mm  12.5 48 30 34 HAM alternative that can be stored for a long
time, and good mechanical properties.

PCL 24G 25 3.6 9 67 Biocompatible scaffold; however some cells
would not adhere to it.

PVA cross-linked with GA and 0.508 mm 10-22 0.5 15 70 Increased viscosity changed fibers from

HCL

trolling the degradation rate of the drug carrier. However,
improvement is still required for self-assembled structures to
reduce their cytotoxicity and function more accurately under
certain conditions.*’

8.5 Lyophilization

Lyophilization is a method used to create foams by freeze
drying, using a vacuum to convert a solid directly into a gas.
Acum and Hasirci (2014) used this method to create a split
thickness cornea, replicating the epithelium, Bowman’s layer
and stroma layer. They created a foam with EDC/
N-hydroxysuccinimide-cross-linked collagen-CS to represent
the stroma with an electrospun collagen mat on top to mimic
Bowman’s layer, and then electrospun dehydrothermally cross-
linked collagen fibers were collected on the top of this con-
struct to act as the epithelium layer. In this experiment, the
stroma layer was seeded with HKs and the epithelium layer
with retinal pigment epithelium (RPE), with the intermediate

This journal is © The Royal Society of Chemistry 2020

beaded to uniform then to flat.

layer representing Bowman’s layer separating the cellular
layers, while still allowing cellular interactions. Briefly, the
method used involved impregnating the cross-linked foam
with CS, then electrospinning the collagen fibers onto the
foam, before dehydrothermally treating the scaffold.
Dehydrothermal treatment proved useful in improving the
mechanical strength of the scaffold by removing water from
collagen and increasing the amount of covalent bonds. Then,
both sides of the scaffold were seeded with the appropriately
chosen cell type prior to culturing.”®

Consequently, Acun and Hasirci produced a tissue engin-
eered scaffold with a similar thickness to the natural cornea,
having good porosity, fair transparency, uniform randomly
oriented fibers and good cell adhesion to the foam.
Degradation was relatively quick, where the weight of the
scaffold was reduced by 60% over the course of a month. Also,
the transparency improved with time as the collagen scaffold
degraded and was replaced by native tissue. Overall, this
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Table 5 How changes in parameters during electrospinning alter the outcome of scaffold fibers, using information and features mentioned by
Salehi et al. (2013), Doshi and Reneker (1995), Kim, Kim and Park (2018) and Tang et al. (2010)*°->270.86

Parameter Change made

Effect

Increased concentration
Reduced concentration

Concentration of
solution

Voltage Increasing and decreasing the voltage

Voltage increased more

Needle diameter
Temperature and

Decreasing the needle diameter
Increase temperature and humidity

humidity

Collector to needle  Needle close to collector plate

distance Needle further from collector plate

Collector type Rotating collector
Smooth conductive surfaces e.g. aluminium foil
Mesh/porous surfaces
Charged aluminium bars on plate
Metal pin in the centre of the collector plate covered by
a dome-shaped insulating material with a conductive
wire surrounding it

Feed rate Slow feed rate

method shows potential to produce an alternative to HAM for
cornea replacement.”®

Recently, another group in the United States investigated
the therapeutic effects of lyophilized conditioned-medium
derived from corneal mesenchymal stromal cells on corneal
epithelial wound healing.”* The epithelial wound healing
effects of fresh and lyophilized ¢cMSC conditioned-medium
were compared with conditioned-medium from non-MSC cells
(corneal epithelial cells) using a scratch assay. In this study, to
evaluate the anti-inflammatory effects of fresh and lyophilized
c¢MSC conditioned-media, macrophages were stimulated by a
toll-like receptor (TLR) ligand followed by treatment with the
conditioned media and measuring the expression of inflam-
matory genes.”’ Promising results were obtained; however,
further investigation is required in this field.

8.6 Bioprinting

A new approach to producing cornea scaffolds involves the adap-
tation of the classic 3D printing, where biomaterials are printed
to form cornea layers suitable for implantation.”” A 3D bio-
printed corneal stroma equivalent was designed as a substitute
for native tissue. A reproducible outer and inner organization of
the stroma was obtained by optimizing the printing conditions
such as the nozzle speed in the x-y direction and the spindle
speed.” Laser-assisted bioprinting with laser-induced forward
transfer was utilised with laminin, HA and collagen together
with cornea stem cells to produce structures similar to the native
cornea, with a controllable cell organisation and unaffected cel-
lular function.”* Sorkio et al (2018) printed embryonic stem
cells (ESCs) on top of a thick layer of a printed stroma scaffold
containing adipose-derived stem cells, as demonstrated in Fig. 4.
These bioprinted constructs proved to attach better to the experi-
mental host cornea compared to Matriderm® sheets. This

6482 | Biomater. Sci., 2020, 8, 6469-6504

Viscosity could be too high, making the jet unstable.

Solution may not be thick enough and exit the needle as an
uncontrollable jet.

Stream of solution fluctuates depending on the material. A
‘perfect’ voltage being when the jet from the needle changes
from spherical to Taylor cone shaped.

Multiple jets arise from the needle tip making unpredictable
fiber patterns.

Reduction in fiber diameter.

The solution dries more rapidly due to the solvent evaporating
faster.

Decreased bead formation, with fibers of smaller diameter.
Increased bead formation, random placement of electrospun
fibers.

Creates fibers which are orientated in an aligned manner.
Increased scaffold density, due to fibers being closely arranged.
Less crowded fibers, with scaffolds of lower density.

Parallel aligned fibers created between the bars. Only works
with conductive solutions.

Created circumferential alignment of fibers to mimic the shape
of the cornea and to encourage cell growth in a circular
direction.

Reduced fiber diameter size and less bead formation.

printed structure was mostly transparent; however, an opaque
sheet of Matriderm® was required under the scaffold when cells
were cultured to prevent construct shrinkage, which could be
prevented by crosslinking the structures.®*

Extrusion-based bioprinting has also been used to create
hydrogels with HCECs in collagen, gelatin and alginate.”® This
enabled the creation of a highly porous construct, with control-
lable degradation, fast cell growth and good cell viability.

Bioprinting has not been widely used for cornea tissue
engineering; however, it has benefits compared to other tissue
engineering methods such as better controllability, improved
cellular integration and unique alignment ability.

8.7 Scaffold-free cornea tissue engineering

Recently, Syed-Picard et al. created an alternative to allogenic
transplantation using a scaffold-free tissue engineering
approach. The authors cultured human corneal stromal stem
cells on surfaces made of glass wafers and photoresist with
aligned microgrooves to replicate the structure of the cornea.
This allowed the peeling of the tissue from the surface, which
was ready for transplantation into the cornea of mice because
of the collagen fiber alignment and presence of proteoglycan
keratocan. The tissue engineered corneal sheets were implanted
into mouse corneal stroma pockets, and it was observed that
the sheets exhibited increased transparency the longer they
were implanted and no reactions occurred from the implant.”®

However, although the implantation, transparency and bio-
compatibility of these sheets were tested, their mechanical
strength, wettability and elastic modulus were not assessed in
this study. Scaffolds are important in maintaining the struc-
ture of tissue engineered cornea, and thus without this
mechanical support the construct may fail due to ocular
pressures.®’

This journal is © The Royal Society of Chemistry 2020
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Fabrication Author

Cellular layer Cell source Scaffold material(s) technique Experiment (s) Comments on success

NA Rabbit corneal ~ PCL/collagen Radially aligned Invitro 40 Hemispherical cornea scaffolds,
cells electrospinning good mechanical strength,

transparent and encouraged cell
proliferation.

NA HEpCs and Plasma treated PCL Electrospinning In vitro 68 Transparent and biocompatible
HLEpCs scaffolds.

Stroma HKs Cross-linked collagen  Freeze Drying In vitro 78 Transparent structure, highly

- CS Foam porous with good cell
attachment.

Epithelium RPE Dehydrothermally Electrospinning In vitro 78 Transparent structure, poor RPE

(combined with cross-linked collagen attachment.

above stroma)

Stroma CEpCs Collagen with Hydrogel Invivo - 79 Similar refractive index,

copolymer TERF micropigs transparent, good hydrogel.

Stroma Rabbit Corneal  Collagen type I with Electrospinning In vitro 35 Transparent 2D stromal
Fibroblasts acetic acid structure.

Stroma Rabbit stromal ~ Gelatin and PLLA Electrospinning In vitro and 72 Cell ingrowth and tissue
cells in vivo - in regeneration in the cornea,

rabbits biocompatible.

Stroma HCEnCs and PGS/PCL Electrospinning Invitro 80 Allows good cell growth, great wet
HCjJEpCs transparency. 4 : 1 ratio of

PGS : PCL had best degradation
rate, cell proliferation and
viability, with slightly lower
transparency than ratios

1:1-3: 1. All scaffolds immune-
compatible and elastic.

Stroma HCSSCs RGD - treated silk Stacking of silk Invitro 57 Transparent, ECM environment

films stacked layers produced with good mechanical
properties and better cohesion
than 2D silk scaffolds.

Stroma HLEpCs PCL and TFE Electrospinning Invitro 69 Successful scaffold.

Stroma NA Gelatin and alginate Electrospinning In vitro 76 Strong structure but slight

opacity.

Stroma HKs and PVA and collagen Electrospinning In vitro 43 Good mechanical strength, non-
HCEpCs toxic.

Stroma HKs Collagen Magnetic In vitro 77 Structurally similar to the stroma,

alignment but translucent without
proteoglycans.

Stroma NA PGS/PCL Electrospinning Invitro 80 Transparent structure, with
with electrostatic aligned fibers like the native
field stroma (no mechanical testing

done).

Full HCEpCs, Collagen/CS Lyophilization Invitro 36 Similar thickness, stratified
stroma epithelium layer formation with
keratocytes and basement membrane forming
HCEnCs and endothelial cell layer

present. Transparent over time.

Epithelium Rabbit CEpCs  Carboxymethyl Blended In vivo - rats 56 Fast degrading, high

chitosan/gelatin/HA membrane and rabbits transparency, good CEpC
attachment and increased
healing speeds.

Epithelium Rabbit LCEpCs  PEG diacrylate with Electrospinning In vitro 85 Good cell attachment, cell
and corneal electrospun PLGA and proliferation and near
stem cells fibers on top microfabrication transparency.

Epithelium Human and PVA/collagen Hydrogels Invivo - 88 Successful re-epithelialisation in
rabbit CEpCs rabbits 66.6% of trials, with tight

junctions present but no
basement membrane (might be
due to ‘air-lift’ culturing).

Epithelium LEpCs PLGA Electrospinning In vitro 33 Good cell attachment and

proliferation.

Epithelium Rabbit limbal PLGA Electrospinning Ex vivo - 85 Allows re-epithelialisation.
explants and rabbits

microfabrication cornea
Epithelium Rabbit LEpCs PLGA Electrospinning In vitro 34 Good cell proliferation even after

This journal is © The Royal Society of Chemistry 2020
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Fabrication Author
Cellular layer Cell source Scaffold material(s) technique Experiment (s) Comments on success
Epithelium Rabbit limbal PCL and PVA Electrospinning Invitro 44 Porous scaffold, with good
stem cells and hydrogel elasticity and transparency. Good
cell proliferation and adhesion.
Epithelium Rabbit limbal PLGA Electrospinning Ex vivo - 98 Fast degradation rates, good cell
stem cells rabbit cornea adherence and regular appearing
cells.

Epithelium NA Recombinant human  Hydrogel Invivo - 82 Stratified epithelium generation,

collagen humans nerve and stroma repopulation,
few surface irregularities (due to
suturing), slightly too weak.

Endothelium Rabbit CEnCs  Lysophosphatidic Blended Invitro 11 Good cell attachment and good

acid/silk fibroin membrane biocompatibility, with better
transparency and roughness than
SF alone.

Endothelium HCENC SF/P(LLA-CL) Electrospinning Invitro 81 25:75 SF/P(LLA-CL) best
transmittance, cell proliferation
and good cell adhesion.

laser pulse 9.1 Morphology and structure
Morphology can be analysed via microscopy examination
donor slide / / using SEM or atomic force microscopy (AFM). Morphological
absorption Iayer>‘ / evaluation is highly important to compare native cornea tissue
bioink ' « structures to tissue engineered structures to determine their

cell containing layer I x 10

acellular layer

collector -

Fig. 4 Method of bioprinting synthetic cornea tissue involving pulsed
laser sources to set the bioink droplets, making a bespoke pattern to
match the structure of the cornea (reproduced from ref. 94 with per-
mission from Elsevier, Copyright 2018).%*

Tissue engineering scaffolds serve as a necessary but tem-
porary support for cell growth into a specific shape, which
should degrade with time and are different from prosthetics,
allowing tissue to regenerate entirely and perform more natu-
rally.”” A tissue engineered scaffold should be biocompatible,
act as an ECM for the cells seeded in it, and be strong
enough to support itself in vivo. Accordingly, a variety of
methods can be used to create these scaffolds, with various
degrees of success achieved. Table 6 shows the various tests
carried out to produce synthetic layers of the cornea using
the methods discussed, with the resulting outcomes of
experiments.

9. Characterisation methods

Characterisation allows the scaffolds produced to be analysed,
enabling different material scaffolds to be compared using a
variety of techniques.

6484 | Biomater. Sci, 2020, 8, 6469-6504

success and close resemblance.

9.2 Wettability

To test the hydrophilicity or wettability of a tissue engineered
scaffold, contact angle characterization can be performed using
a water contact goniometer.'! Wettability is important to esti-
mate how fast a scaffold becomes wet and when degradation
will start. This involves placing a small amount of (about 3 pL)
deionised water (dH,O), phosphate buffered saline (PBS) or
media (DMEM) on the tested surface and taking a photograph,
and this image is then analysed via computer software to calcu-
late the contact angle.”® The angle of a water droplet can be
measured at set intervals to determine how the scaffold absorbs
the water, and at different positions to determine how they may
affect water intake and transparency.

9.3 Transparency

Spectrophotometry can be performed to test the transparency
and light transmission of a tissue engineered scaffold, choos-
ing an appropriate wavelength range that the cornea would
endure naturally, and adding PBS to mimic the wetness of the
cornea in vivo. Alternatively, to test visually, wet scaffolds can
be placed over a piece of text and photographs can be taken to
show the clarity of the text.%®

9.4 Cornea thickness

Slit-lamp beams can be utilised to measure the thickness of a
section of the cornea in vivo. This can be done by positioning
the beam perpendicular to the cornea when a patient uses a
slitlamp machine and looks directly at the target. This con-
siders the refractive angle and allows analysis of the thickness
from the angle of the glass plate.”® A simpler in vitro method

This journal is © The Royal Society of Chemistry 2020
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involves the use of digital micrometres with high precision,
measuring to the nearest micrometre to allow comparison to
the native cornea, or using software to measure the thickness
from SEM images of the scaffold on its side. Optical coherence
tomography (OCT) enables high-resolution imaging of the
anterior segment of the human eye. In noncontact examination,
it is possible to analyze the layers and shape of the cornea in
cross-sectional images. This includes the option to determine
the central corneal thickness.'® A research group also used
anterior segment optical coherence tomography (AS-OCT) and
investigated the epithelial thickness (ET) of the central cornea
and limbal regions in patients with limbal stem cell deficiency
(LSCD) as a diagnostic and staging parameter.'®*

9.5 Degradation rate

The degradation rate of scaffolds can be tested by placing the
scaffold in PBS solution and analysing its weight loss gradually
over months to enable calculation of how long it will take to
break-down the entire scaffold. Alternatively, degradation can
be determined based on changes in transparency, morphology
(such as fibre thickness), porosity and handleability. The
extent of breakdown has been assessed differently by various
researchers, either with or without cells. Degradation was
expressed as a percentage of weight loss of the dried mem-
branes after incubation with cells in media for varying
periods. The membranes were weighed at the beginning of the
experiment and then each membrane was weighed weekly
after removing it from the culture medium and drying it in a
vacuum oven.*®® The weight loss was calculated and
expressed as a percentage of the initial weight. The weight loss
percentages of the specimens were calculated from the weights
obtained before and after degradation using the following
formula (1), where W; and W, are the sample weights before
and after degradation, respectively.

Weight loss (%) (W1 — W»)/W; x 100.

9.6 Porosity and fibre diameter

Fibre diameter and porosity are two important characteristics
of polymeric fibres, which provide a significant amount of
information for degradation and storage. The morphology,
microstructure, fibre diameter, fibre integrity and degradation
rate of scaffolds were examined previously by many research
groups using SEM. The Image ] software is a simple software,
which was used by our group and other researchers to identify
these two parameters.>*%%

9.7 Scaffold storage

The storage of scaffolds is crucial since it determines how a
long fabricated scaffold can be saved before being placed
inside the body. Previously, PLGA membranes, both gamma-
irradiated and non-sterile, were stored at a wide temperature
range of —80 °C to 50 °C to assess their shelf-life over a
12 month period.**?*°® Other membranes were also stored at
37 °C, where the membranes were placed in an empty Petri
dish in an incubator containing 5% CO, with high humidity.

This journal is © The Royal Society of Chemistry 2020
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The water absorption by the membranes was detected using
silica orange desiccant. Fibre integrity was assessed using
SEM. The results demonstrated that the scaffolds could be
stored for up to 24 months without any changes in their mor-
phology and behaviour.>*°®

9.8 Sterilisation

There are different options available to sterilise scaffolds such
using ethanol and gamma irradiation. However, despite its
higher cost and small change in the structure of fibres, gamma
irradiation is the most suitable methodology to sterilise scaffolds.
Usually membranes (mounted in 12-well plates) are sterilised via
y-irradiation with an external dose range of 25-40 kGy.

9.9 Scaffold handling

One of the characteristics of a suitable scaffold for cornea
tissue engineering is that the membrane can be handled easily
by surgeons without failing. Brittle scaffolds are not suitable
for this purpose, and thus significant efforts have been under-
taken to optimise the handling property of scaffolds.***®
Previously, rabbit limbal epithelial cells (rLEC) were cultured
on membranes for 6 weeks at 37 °C in a humidified atmo-
sphere. The physical changes in the membranes were recorded
daily by taking optical micrographs, and membrane handling
was carried out simply by using a pair of forceps after they
were removed from the culture (in wet conditions) and scored
as easy to handle, fragile or very brittle.

10. Cell sources

A stem cell niche resides in a unique and protected microenvi-
ronment to modulate its role and fate via internal and external
factors. Thus, damage or disruption to these surroundings can
ultimately lead to opacification and vascularization, which
may induce reduced vision, pain, and photophobia.'®> The
relevant progress in evolving living substitutes has heralded a
dominant approach in the clinical interest and application of
tissue engineered products.’®® In an effort to generate in vivo
three-dimensional cornea constructs, the most comprehen-
sively investigated cell sources hinge on two fundamental
dichotomies, i.e. autologous versus allogeneic and pluripotent
stem cells versus multipotent cells."®* Various experiments
have shown that the use of different cell types can result in
huge differences in eyesight, alleviating corneal scarring and
preventing immunological reactions.'®

Comparatively, stem cell sources tend to be more advanced
than using donated cornea to heal disorders and diseases,
with immunological reactions minimized, storage capabilities
upgraded and improved outcomes for patients (Fig. 5 and 6).
Mesenchymal stem cells can be obtained from tissues such as
adipose tissue, bone marrow, hair follicles, the placenta, and
umbilical cord.'®® Interestingly, the efficacy of mesenchymal
stem cells derived from bone marrow and adipose tissue has
been found to be suitable for cornea tissue regeneration,'®
with human umbilical mesenchymal stem cells proving to
enhance transparency.'%”%
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Stem cell loss

Stem cell inactivation Stem cell replacement

and neutral drift

Fig. 5 Decline in corneal epithelial stripe numbers with age may occur
by loss, inactivation or replacement of limbal epithelial stem cells (repro-
duced from ref. 109 with permission from Elsevier, Copyright 2018).2%°

10.1 Aberrant corneal stem cell niche function

The lack of proper functioning CESCs through ocular surface
disease is perhaps a result of pathological alterations occur-
ring in the limbus stem cell niche. In describing the sentence
above, it should be noted that several pathological conditions

View Article Online
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eventually result in stem cell deficiency or abnormal activity in
the immune system (such as lupus, graves, rheumatoid arthri-
tis, Goodpasture syndrome, and type 1 diabetes) or inflamma-
tory responses (uveitis disease).

Abnormal immune responses can induce profound changes
in the microenvironment of CESCs, and thus impair their main-
tenance and/or survival. For example, immune-mediated pathol-
ogy (such as specific killer T cells, natural killer cells, polymor-
phonuclear leukocytes, and macrophages, directly attack patho-
gens) can damage niche components (including antibodies,
cytokines, chemokines, and complement, to aid in the war
against foreign invaders) and induce conditions such as fibrosis
in the sub-epithelial stroma (immune response condition can
act as a double-edged sword).'**?

Ocular metabolic alterations such as oxygen tension and
nutrient availability in the niche can also be tested, and the up-
and down-expression of a range of growth factors and cytokines
have been shown to exhibit some effect on stromal stem cells."**

Chemical or thermal injury and genetic disorders such as
aniridia (for example Pax6 gene deficiency damages the inter-
action between CESCs and stromal stem cells in the limbus)
may also damage stem cell function through alterations to
their niche."*?

A Random stem cell distribution
0 120 stem cells (50% blue) at GO
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Chronic inflammation induces metaplasia on the cornea by
stimulating abnormal limbus stem cell niche remodelling
(mechanotransduction in corneal stem cells). In the normal
condition, corneal stem/progenitor cells differentiate into
corneal epithelial cells (CK3+ and CK12+), which form a defen-
sive barrier on the ocular surface. Thus, the abnormal differen-
tiation of corneal epithelial stem and/or progenitor cells is an
indirect consequence of microenvironmental changes induced
by chronic inflammation.

These cells can be introduced into cornea scaffolds by
seeding using bioreactors; alternatively, they can be injected
into the cornea in vivo and used to treat corneal issues without
a scaffold if the damage is minimal.'®

Table 7 lists a variety of cell types commonly used in cornea
tissue engineering, together with the various successes and
pitfalls of using these cells. Also, we discuss the various cell
types used in the field of cornea regeneration.

10.2 Limbal epithelial stem cells or corneal epithelial stem
cells (LESCs)

The limbus rim is typically well-known as the niche location
for corneal epithelial stem cells. Structurally, LESCs as a sub-
population are located within the basal epithelial papillae of
the palisades of Vogt.'”” The palisades of Vogt are radially
orientated fibro-vascular ridges that are tightly positioned at
the superior and inferior limbal edges."*® Majo et al. chal-
lenged the concept of the exclusiveness of the limbal zone.'®
They described that mouse corneal epithelium could be
sequential transplanted, self-renewed and consisted of oligo-
potent stem cells with the capability to create goblet cells if
provided with a conjunctival environment.'® Tseng et al. chal-
lenged this study since their findings were incompatible with
many known cell behaviors such as cell growth, cell fate and
differentiation and cell migration properties of the corneal
epithelia.’®® However, Chang et al. revealed that the corneal
epithelial cell proliferation and migration in the center of the
human cornea were comparable to that in the periphery even
after collapse of the limbus, at least within the first 12 h after
wounding.'*°

10.3 Alternative source of stem cells

Complete bilateral limbal epithelial stem cell deficiency
(LSCD) cannot be treated via the common clinical transplan-
tation of autologous limbus (transplant from the patient’s own
healthy eye) or ex vivo cultivated autologous limbal epithelium
(CLET)."" Allogenic limbal epithelium transplantation is poss-
ible, but requires the use of immunosuppression and has a
transplantation success rate that tends to be reduced progress-
ively over time (success rate of 40% at 24 months and 33% at
48 months).”** The clinical use of in vitro cultured cornea
stromal and endothelial stem cells is not applicable because of
the intricacy in the separation of stem cells and absence of
optimized culture media. Consequently, the discovery of
alternative cell sources, both ocular and non-ocular, is essen-
tial, which should be easily accessible and from which a large
quantity of cells can be obtained.

This journal is © The Royal Society of Chemistry 2020
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10.4 Conjunctival epithelial stem cells

Pellegrini et al. in their comprehensive in vitro study revealed
the uniform distribution of candidate stem cells in the bulbar
and forniceal conjunctiva."*> They presented that conjunctiva
epithelial and goblet cells are derived from progenitor cells
with high proliferative capability, which produce goblet cells at
33 Qi et al. reported that the
molecular pattern expression of markers in the bulbar con-
junctival epithelium basal layer cells is similar to that of
corneal/limbal epithelium cells. Clinically, ex vivo cultured
conjunctival epithelial stem cells have been applied to success-
fully treatment patients with ocular surface injury. However,
the problem is that most LSCD patients do not have a healthy
conjunctiva to be used for cell culture and transplantation.'**

least twice during their life cycle.

10.5 Human deciduous dental pulp stem cells

Kerkis et al. separated and identified human deciduous teeth
immature dental pulp stem cells, which were so-called human
immature dental pulp stem cells (hIDPSC)."*> hIDPSC were
revealed to express both mesenchymal stem cell markers and
human embryonic stem cell markers and to differentiate into
derivative cells of the three germinal layers consisting of meso-
derm, ectoderm and endoderm. In another study, it was
revealed that hIDPSC express limbal stem cells markers and
were capable of restoring the cornea of a rabbit after total
limbal stem cell deficiency.’*® However, there is no indication
and confirmation of the effectiveness of this process in human
ocular surface subjects.

10.6 Human hair follicle stem cells

Numerous studies have focused on applying hair follicles (HF)
as an interesting source of adult SC for cell therapy and tissue
engineering. It was displayed that HF contain mesenchymal
stem cells in their dermis, epidermis and connective tissue
sheath (CTS), which have potential to differentiate into hema-
topoietic, adipogenic, osteogenic, chondrogenic, myogenic,
and neurogenic lineages.'®” Meyer-Blazejewska et al. revealed
that HFSCs could be reprogrammed into a human corneal epi-
thelial phenotype using conditioned media generated from
corneal and limbal stromal fibroblasts."*® In another experi-
ment, it was demonstrated that HFSCs could go beyond their
lineage boundaries and terminally differentiate into a different
epithelial cell phenotype in vivo when grafted into a specific
niche microenvironment in a murine model of limbal stem
cell deficiency (LSCD)."*°

10.7 Oral mucosal epithelium

Oral mucosal epithelial cells (OMECs) are satisfactorily avail-
able, can be separated by minimally invasive procedures, and
possess high proliferation potential in vitro, which make them
ideal seed cells for regenerative medicine. Oral mucosal SCs
are also located in the basal layer and express LSC markers
and can be reprogrammed into corneal epithelial-like cells.**®
Oral mucosal epithelial cells have the capacity to engraft onto
the ocular surface and survive after transplantation in patients
with LSCD following alkali injury'** and are considered to be
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Table 7 Cell sources for tissue engineering of synthetic cornea tissue, and their advantages and disadvantages

Cells Advantages Disadvantages Ref.
Mesenchymal stem -Can differentiate into required keratocytes -Potential immune rejection 106,
cells (MSCs) - general  -Flexible to function both in vivo and in vitro -Difficult to obtain on a large scale 114-118
-Extensively trialled -Later generations of MSCs have limited
-Allows new collagen to be produced in the stroma differentiation capability
layer
-Reorganises collagen to improve transparency
-Inhibit inflammation local to the injury
Umbilical cord MSCs -Causes no pain to obtain -Rarely used autologously due to being obtained 119-121
after birth
-Umbilical cord would otherwise be put to waste -Despite the risk being low teratomas can occur
-Ethical to use -Storage of cells is difficult
-Improved self-renewal capabilities -Time consuming to prepare for scaffold
-Lower risk of rejection due to immunosuppressive implantation
factors
-Comparable to human corneal fibroblasts
Bone marrow MSCs -Lots of clinical data -Painful and difficult to extract 116 and 121
-Good differentiation potential for keratocytes -Do not maintain their multipotency for as long
-Recommended to use when limbal stem cells are as umbilical cord stem cells
unobtainable
-Reduces neovascularization
-Reduces corneal opacity
Adipose derived MSCs  -Used to mimic the stroma layer of the cornea -Not as effective to counteract cornea hydration 94, 116 and
-Ability to organise horizontally and in a lamellae 122
fashion representing the natural cornea stroma
structure
-Good survival in HA to source keratocytes
Autologous corneal -Can be combined with decellularized tissue to -Limbal stem cells quantities autologously may 116 and 123
limbal stem cells mimic the native cornea histologically not be sufficient for extraction and expansion
-Good transparency properties
-Returns cornea to correct thickness post-injury
-Studies show this cell type can improve wound
healing the best
-Reduces neovascularization
Autologous extraocular -Procedure to obtain cells is not overly invasive and is  -If tissue source is not from the cornea (for 105 and 124
stem cells efficient example from the skin), histological features
-Can be sourced from adult adipose tissue may vary to the native cornea.
-Good differentiation capability
Corneal stroma stem -Derived from the cornea -Isolation of cells is difficult due to source size 105
cells (CSSCs) -Requires patient to have no bilateral eye
diseases
Embryonic stem cells -Limbal epithelial ESCs allow formation of the -Raises various ethical issues 94 and 125
(ESCs) stratified epithelium layer of the cornea closely
mimicking the native cornea
-Can be bioprinted -Little clinical data to work with
Induced pluripotent -Possibly can differentiate into any cell type -Fibroblasts require inducing to become iPSCs 105, 118,
stem cells (iPSCs) -Sourced from differentiated adult stem cells -Expensive method to differentiate cells 125 and 126

-Can be bioprinted effectively
-Self-renewing

safe, despite the risk of contamination. The cultured autolo-
gous oral mucosal epithelial cell sheet (CAOMECS) is a trans-
parent, resistant, viable, and rapidly bio-adhesive cell sheet,
cultured with UpCell-Insert technology (CellSeed, Inc., Tokyo,
Japan), which allows grafting onto the patient’s corneal stroma
without suturing.'*> Therefore, it has been proposed as an
alternative treatment for total bilateral LSCD. Burillon et al
performed a clinical trial to confirm the safety and efficacy of

6488 | Biomater. Sci, 2020, 8, 6469-6504

-Inefficient and slow sourcing method
-Risk of teratoma occurring if used in vivo

CAOMECS with a prospective, noncomparative study in 26 eyes
of 25 patients."?"
events, one with corneal perforation and the other with

Two patients experienced serious adverse

massive graft rejection. The treatment was found to be
effective in 16 of the 25 patients at 360 days after grafting.
Among the 23 patients who completed follow-up at 360 days,
22 had no ulcers, and 19 showed a decrease in the severity of
the punctate epithelial keratopathy.'*!

This journal is © The Royal Society of Chemistry 2020
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10.8 Mesenchymal stem cells (MSCs)

MSCs have been identified in the bone marrow, skin, umbili-
cal cord, amniotic membrane, and adipose tissue. They are
multi-potent, express mesenchymal and embryonic SC
markers and are capable of differentiating into cells of the
three embryonic layers."*?

10.9 Bone marrow-derived stem cells (BMSC)

BMSCs are multipotent and can differentiate into cells with
ectodermal, mesodermal and endodermal origin.'**'*> Ma
et al. demonstrated that BMSCs can be used to treat corneal
disorders."® Their findings suggested that the transplantation
of human BMSCs on human amniotic membrane successfully
restored the damaged corneal surface in rats. Remarkably, the
healing effect of the transplantation was related to the absence
of inflammation and angiogenesis after transplantation of
MSCs rather than the epithelial differentiation from BMSCs."*°

Ye et al. demonstrated that systemically transplanted BMSCs
could engraft to injured cornea to promote wound healing by
differentiation, proliferation, and synergizing with haemoto-
poietic stem cells in a rabbit model of alkaline burn.'*”**®

Bone marrow-derived progenitor cells could be encouraged
by inflammatory mediators and played a critical role in
corneal wound healing following alkali burn in rabbits.'*
Corneal alkali burn induces a rapid bone marrow reaction to
release not only inflammatory cells, but also progenitor cells
into circulation. Migrated bone marrow-derived progenitor
cells can target local sites to promote wound healing. The
effect of corneal injury on the mobilization of endogenous
MSCs and targeting the injured cornea was also displayed by
Lan et al.**®

10.10 Adipose-derived stem cells (ASC)

Adipose-derived stem cells (ASCs) are a source of mesenchymal
stem cells with self-renewal property and multipotential differ-
entiation. ASCs have two main benefits, namely, ASCs can be
simply accessible from subcutaneous liposuction in large
numbers with minimal risk and they have no ethical and pol-
itical issues compared to embryonic stem cells because they
can be derived from autologous fat. These two properties make
ASCs a more suitable solution for tissue and organ transplan-
tation in regenerative medicine and clinical training.

Arnalich-Montiel et al. were the first group to investigate
the ability of human PLA cells to repair/regenerate the corneal
stroma of rabbits.""* Human processed lipoaspirate-derived
(PLA) cells differentiated into functional keratocytes when
injected into an ablated corneal stroma after 8 and 12 weeks,
as assessed by the expression of the cornea-specific proteogly-
can, keratocan, and aldehyde dehydrogenase (ALDH).
Funderburgh et al. showed that ASCs could differentiate to ker-
atocytes in vitro.">®

10.11 Induced pluripotent stem cells (iPS)

Deriving transplantable CECs or LESCs from iPSCs has tre-
mendous potential to be the ideal option to treat CE and

This journal is © The Royal Society of Chemistry 2020
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ocular surface diseases, but it is still a challenge since the con-
ditions and signals to derive them in human context are inade-
quately understood.">! Most of the protocols for differentiating
ESCs or iPSCs into CECs are based on our understanding of
ectoderm development. During embryogenesis, CE originates
from the head/ocular surface ectoderm."”"

Differentiation of CECs from hPSCs has been proven to be
rather challenging, with most of the previously published
studies relying on the use of undefined factors, such as con-
ditioned medium, PA6 feeder cells, and Bowman’s or amniotic
membrane.'**"** Protocols to derive corneal epithelial cells
from iPSCs have provided critical insight into the role of each
of the exogenous factors incorporated in the culture
process.'>> 178

Most studies aim to use defined in vitro conditions towards
generating CECs from iPSCs such that the protocols can be
reproducible and lead to the development of clinical grade pro-
duction of corneal epithelial cells."” The directed differen-
tiation of iPSCs into CECs depends on the expression of cyto-
keratins (CK) 12 and 13, while CK3 expression was evident in
the cell lines derived from the CE.**>®* To improve the yields
of mature CECs and to obtain a stratified cell sheet resembling
the native CE, a consistent and efficient stratification method
has to be employed. It is not uncommon to detect variation in
the differentiation potential among different hiPSC lines, with
donor identity and gender being among the potential sources
of variation in the case of hiPSC lines.'®*'®® Therefore,
different iPSC lines from multiple sources should be rigorously
tested in terms of appropriate cell morphology, gene, and
protein expression.

11. Growth factors for the cornea

Growth factors are protein molecules that bind to cell surface
receptors, which can be beneficial for tissue engineering,
acting as cell signalling molecules to encourage or inhibit cell
growth, reduce or increase inflammation, improve cell viability
and upregulate or slow healing (Fig. 7).

There are many different types of growth factors commer-
cially available, each playing a unique role in cellular stimu-
lation, requiring a set dosage, concentration and combination
to work effectively.'® When stem cells are required in large
quantities, it may be useful to implement growth factors to
increase the number of stem cells prior to harvesting them.
The addition of growth factors to synthetic cornea constructs
can lessen the recovery period for the recipient, while reducing
the number of undesirable symptoms a patient may encounter
from an implant. Table 8 presents some of the growth factors
that have reported in cornea tissue engineering (Fig. 8).

12. Cell-free products (exosomes)

The exosomes are a group of extracellular vesicles with
different cellular origins and contents. Exosomes can enter the
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Fig. 7 Difference in keratocyte morphology when exposed to various
growth factors in 3D culture. (A) Projected Cell Length, (B) Cell Length,
(C) Length/Breadth (reproduced from ref. 164 with permission from
ARVO, Copyright 2010, Open Access).1®*

cells to regulate the internal mechanisms of repair and heal
the affected area. Exosomes transfer proteins (such as EGEF,
FGF, brain-derived neurotrophic factor (BDNF), insulin-like
growth factor-1 (IGF-1), nerve growth factor (NGF), FGF-1, and
glial cell-derived neurotrophic factor (GDNF)) and nucleic
acids (including microRNAs (miRNAs), messenger RNAs
(mRNAs), and even DNA), which can facilitate their uptake by
distant target cells through endocytosis, and thus exosomes
can target a specific cell or cells to enhance or interfere with
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specific biological processes such as intercellular signalling
and communication with stromal cells. They are enveloped by
a lipid bilayer enriched in cholesterol, sphingomyelin, and cer-
amide. The membrane of exosomes contains surface markers
such as CD9, CD63, and CD81, which can be used to identify
exosomes. Han et al. studied the effectiveness and importance
of exosomes in ocular surface wound healing, and in 2017,
they identified and characterized corneal epithelial-derived
exosomes. Their results demonstrated the important role of
exosomes in facilitating the intercellular interaction between
the epithelium layer and the stroma layer through corneal
repair. Thus, exosomes may be employed as a therapeutic
approach for corneal repair.'®*

Exosomes present significant benefits over cells/stem cells
with respect to manufacturing, storage, handling, product
shelf-life and potential as a ready-to-go biologic product.'®*'*
Consequently, the application of exosomes derived from stem
cells instead of using cells has attracted attention due to their
potential advantages in regenerative medicine,'>'847158

Previously, researchers recognized that exosomes are one of
the more important secreted constituents in mediating and
carrying out the biological functions of MSCs.'89""
Exosomes, which are bilipid membrane-bound nano-vesicles
with a size in the range of 40 to 100 nm, are known to transfer
bioactive molecules among cells and play critical roles in
wound healing and angiogenesis.'8219%:192:193

Exosomes released from human-induced pluripotent stem
cell-derived MSCs have the ability to repair tissue by promot-
ing collagen synthesis and angiogenesis. Similarly, adipose
MSC-derived exosomes promote cutaneous wound healing via
optimizing the properties of fibroblasts such as migration, pro-
liferation, and collagen synthesis (Hu et al, 2016). Human
umbilical cord MSC-derived exosomes may accelerate wound
healing due to their impact on collagen synthesis through the
Wnt-4 signaling pathway.'®*'%*

Recently, the use of exosomes in the treatment of ocular
diseases has been attracting attention. In a recent study, Bai
et al. found that human umbilical cord MSC-derived exosomes
greatly reduced the intensity of ongoing experimental auto-
immune uveoretinitis by reducing the infiltration of T-cell
subsets and other inflammatory cells in the eyes.'”
Furthermore, Yu et al. showed that human umbilical cord
MSC-derived exosomes ameliorate laser retinal injury via a
mechanism involving MCP-1 downregulation.’®> In another
study, Han et al. showed that mouse corneal epithelial-derived
exosomes fused to stromal keratocytes in vitro and induced
myofibroblast transformation, suggesting that exosomes may
be involved in corneal wound healing.'®*

Exosomes have several advantages compared to the actual
delivery of MSCs to the site of injury. Exosomes can be isolated
readily through centrifugation, providing the benefits of MSC-
mediated paracrine repair without the risk of immunological
rejection, malignant transformation, and obstruction of small
vessels associated with cell therapy.'®® Furthermore, they can
be safely stored since they have excellent stable chemical pro-
perties and high biosecurity. The bilipid membrane of exo-

This journal is © The Royal Society of Chemistry 2020
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Table 8 Growth factors present in the cornea and their effects on tissue repair

Growth factor Function

Ref.

Vascular endothelial growth factor
(VEGF)

-Encourages cell migration
-Improves cell viability
-Improves ECM formation

105, 167 and
168

-Mediates lymphatic and blood vessel formation

-Increases corneal transparency
-Reduces inflammation

Platelet-derived growth factor
(PDGF)

-Encourages cell migration
-Can increase corneal haze
-Improves cell viability

-Improves ECM formation

105, 164 and
169

-Causes lengthening of keratocytes without stress fiber formation

Hepatocyte growth factor (HGF)

-Improves cell viability
-Reduces corneal inflammation

-Encourages improved corneal cell migration and proliferation
-Supresses myofibroblast generation enabling better transparency

105, 170 and
171

-Reverses inflammatory side effects that prevent proliferation

-Improves ECM formation

Transforming growth factor (TGF-p)
-Improves cell viability

-Increases conjunctival scarring

-Increases mRNA count

-Encourages cell migration and organisation

105, 164,
170-176

-Causes corneal transparency to decrease

-Improves ECM formation

-Stimulates connective tissue growth factor (CTGF)

-Increases collagen production in corneal fibroblasts

-Can be increased in quantity by improving stroma rigidity
-Encourages formation of endothelial layer similar to native tissue

Mesodermal growth factors

-Accelerates healing of corneal endothelial cells

165

-Stimulated keratocyte proliferation

Connective tissue growth factor
(CTGF)
-Promotes scar formation

-Increases collagen production in corneal fibroblasts
-Controls collagen synthesis effected by TGF-f

169, 172 and
177

-Reduces corneal neovascularization

Fibroblast growth factor (FGF)

-Stimulates cornea epithelium, endothelium and keratocytes

165 and 178

-Enables complete epithelium healing after PRK

Insulin-like growth factors

-Can increase keratocyte growth

165 and 179

-Suitable with or without limbal stem cell deficiency

Epidermal growth factor (EGF)
the endothelium)

-Stimulates cornea epithelium, endothelium and keratocyte regeneration (especially

165, 180, 181

-Endothelium growth can further be enhanced with insulin-like growth factors

alongside EGF

-Raises the strength of wounds in the stroma
-Requires long contact to begin mitosis

somes can maintain encapsulated proteins, messenger RNA
(mRNA), and microRNA (miRNA) under stable conditions to
exert a lasting effect.'*®'®” Therefore, they can be formulated
as a topical gel or drop and locally administered. They can also
be reprogrammed to be carriers for therapeutic agents. Finally,
due to their smaller size, they are also capable of migrating
deep into the corneal stroma compared to cells.'*®

Future studies are still needed to determine the precise
mechanism by which cMSC exosomes induce corneal epithelial
wound healing. In particular, further investigations based on
their content analysis (proteins, mRNA, and miRNA) are necess-
ary to elucidate the mechanisms of their regenerative effects.'®

This journal is © The Royal Society of Chemistry 2020

13. Ethical and sustainability issues
associated with engineering cornea
tissue

Ethical considerations should balance the attention of the
planet, people and profit, ensuring no areas are ignored.

Social and economic status should not mean that a person
is more or less likely to receive synthetic cornea. It could be
considered that synthetic corneas are more attainable in devel-
oping countries than natural tissue transplantation since they
may result in less complications in the recipients.
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Fig. 8 Exosomal generation and regenerative potential in various tissues and organs. Exosomes originate from the endosomes generated by endocy-
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tissues and organs, such as the nerve, heart, liver, kidney, skeleton, cartilage, muscle, pancreas, and dental pulp. It is reasonable to believe that more

regenerative potential of exosomes will be discovered in the future (reproduced from ref. 166 with permission from Elsevier, Copyright 2018

Biomaterials sourced from living animals can raise some
ethical and moral issues, especially in the case where the life
of an animal is sacrificed to obtain these materials. The recipi-
ents will need to be informed of the animal or human compo-
sitions included in the synthetic cornea.”” Consideration
should be made that the inclusion of human or animal com-
ponents in the construction of synthetic corneas can reduce
the number of eligible recipients wanting the cornea trans-
plant, and they may instead request keratoprostheses, which is
a less successful solution.

Cells need to be seeded into the tissue engineered scaffolds,
and then need tested in vitro and in vivo before implantation,
mostly using rabbits. Culturing cells that are suitable for differ-
entiation into human corneal-like cells can require either scrap-
ing of cells from the cornea of the recipient or obtaining
corneal cells from the cornea of a cadaveric donor. This is
required to culture specific cells to enable cornea structure
reformation; however, can be deemed unacceptable to some
people, and thus alternatives should be available.

When testing these corneas in vivo, if animals are required,
the Animals (Scientific Procedures) Act 1986 should be fol-
lowed, which is in place to recognise the need for medical and
scientific research and testing where there are no other viable
alternatives, but ensures that animals have minimal distress,
pain and lasting harm.

The improvement of people’s lives may outweigh the loss of
life of an animal since the use of the animal will help multiple
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causes, if seen as a utilitarian approach with the benefits out-
weighing the risk, but this can depend on the individual view
since some people anthropomorphise animals more than others.

Donation of human tissue or cells must be voluntary, and
consent must be appropriately obtained, and guidelines must
be met following the Declaration of Helsinki before procedures
take place in removing the tissue or cells. The use of these
bodily materials can also be at the discretion of the donor, and
their requirements followed. With tissue or cell donation,
there is also the issue of genetic identification, since genetic
coding embedded within cells creates the risk of donor identi-
fication and potential breach of confidentiality or privacy if
one were to seek the origin of the cells.

Sustainability is a common issue among engineering chal-
lenges, with materials regularly being sourced and obtained,
but not being replenished. Production should be optimised to
reduce the expenditure of unnecessary resources; however,
although there is an emphasis on making a profit, if a more
sustainable approach is to be undertaken, then there needs to
be a balance between the economics, environmental and
society concerns. For something to be sustainable, it must not
cause the unnecessary reduction of natural resources, and con-
sequently minimal damage to the environment.

The biomaterials used biodegrade over time since they are
required to allow sufficient cell regeneration; however, the pro-
duction of these polymers may require excessive energy use,
which may or may not be environmentally friendly. Scaling up
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this project will require the use of a vast amount of polymer;
however, large batches of solution can be made for electro-
spinning and the processes monitored to reduce waste from
mistakes where possible.

If the production of synthetic corneas becomes unsustain-
able due to the materials required or the techniques used, it
should be considered and calculated how much they will realis-
tically benefit society, and whether these benefits outweigh the
risks, responsibly understanding the choice that is being made.
Environmental damage can cause a secondary effect, impacting
humans negatively, for example droughts can cause crop
depletion and storms can result in building damage and even
deforestation, leading to the destruction of potential medicinal
findings. Every aspect be considered thoroughly based on the
environment, other species and the impact on humans."*’

14. Corneal translational medicine
14.1 Translational ophthalmology

The main concept of translational science, which aims to facili-
tate the application of laboratory (in vitro, ex vivo and animal
models) scientific findings to the diagnosis and treatment of
human diseases in clinical setting, is currently vague.>*°

Basic science is expanding scientific knowledge at a
phenomenal rate through in vitro experiments, investigations
of model organisms and use of cross-discipline method-
ologies.”*" However, the development of improved clinical
applications utilizing this information is complex and unpre-
dictable. Progress does occur via studies designed to under-
stand a specific disease or treatment developed according to
defined strategies. However, novel concepts often arise in ways
not readily connected to an obvious clinical problem. The
language and ideas, not to mention the methods of investi-
gation, can be foreign and impenetrable to those not yet
experienced with the diverse experimental and biological
systems currently used. The fact that many breakthroughs
occur outside the realms of visual system research presents a
severe and mounting challenge to ophthalmologists. This
section will meet the needs for the vision community by pre-
senting up to date reviews in translational science. The articles
have two goals, first, to review an area of basic research at a
level accessible to clinicians, and second, to highlight clinical
applications in ophthalmology.”®" The ultimate goal is to
present concepts and methods that may have applications not
yet realized for treating patients. We hope to draw attention to
basic areas of science with potential for further development
or exploration in eye and ocular diseases. The goal is to stimu-
late the clinical audience to investigate unexpected avenues for
possible applications in their own specialty and to expose
basic researchers to opportunities for applying their expertise
to clinical problems.>**

14.2 Full-thickness human corneas

The main goal in human corneal tissue engineering is to
create a full-thickness artificial cornea with the reconstruction
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of the complex stroma being the most demanding part. To
summarize the results presented thus far, none of the bio-
printing approaches have been able to satisfy all the demands.
Some studies show high survival rates and elongation of
human CSKs, but suboptimal mechanical properties.**?
Others were able to produce constructs with a high light trans-
mission, but with low biomechanical stability and lack of cell-
cell interactions.”® Future developments in 3D bioprinting
have to optimize the technology and components to match the
complexity of the human corneal stroma. As introduced at the
beginning of this article, human corneas are made of five dis-
tinct layers. Considering that corneal stromal bioprinting has
shown encouraging results to date, it should be expanded to
manufacturing the remaining layers of the cornea in vitro,
despite their distinct characteristics compared to the stroma.
In the study by Zhang et al.,>** human CEpCs were embedded
in 15% GelMa hydrogels and printed by extrusion. In another
study by Kim et al (Kim, 2018),>° human CECs were
embedded in a gelatin-RGD bioink and printed in an amniotic
membrane support. In both studies, the cells remained round
inside the matrices after printing and did not form mono/mul-
tilayers, challenging the choice of materials and the need for
printing these very thin layers with an automated dispensing
mechanism. In the human cornea, CEpCs form a non-kerati-
nized stratified squamous epithelium. These cells have a hex-
agonal shape and form a tight monolayer. Since human
CEpCs generally proliferate and migrate from an intact limbus
to the cornea, it can be hypothesized that these cells can
migrate onto a bioprinted corneal construct without further
need to fabricate an additional epithelial layer in vitro.
However, engineering the corneal endothelium in vitro may be
beneficial considering that human CECs are postmitotic
in vivo and do not proliferate. Accordingly, CECs can be added
to the solution to form a monolayer next to the corneal stroma
3D construct after bioprinting.

14.3 Corneal replacements and transplantation

The need for alternative options to cadaveric corneas will
become increasingly important as a result of the increasing
incidence of transmissible diseases (human immunodefi-
ciency virus), aging of the population, and the popularity of
refractive surgery, which renders corneas unusable for later
transplantation.”*® In the context of severe ocular surface path-
ologies, where the risk of transplant rejection is significantly
higher, synthetic homologs, which are known as keratoprosth-
eses, are chosen as an alternative to donor corneal grafts for
full-thickness corneal replacement. Keratoprostheses are used
to replace corneas at high risk of immunological rejection or
endothelial failure after penetrating keratoplasty and in eyes
with limbal stem cell deficiency. Several keratoprostheses are
in clinical use, but the Boston type I keratoprosthesis is the
most common (Fig. 9). It is composed of front and back plates,
an optical polymethylmethacrylate section, and a titanium
locking ring mounted on a donor cornea, which serves to
anchor the device in the host eye. Short-term visual recovery is
good, but long-term prognosis is limited by various compli-
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Fig. 9 Boston Kpro type | contains a front plate with an optical cylinder
made of poly(methyl methacrylate) and a back plate made of titanium
(reproduced from ref. 9 with permission from Elsevier, Copyright 2019).°

cations, including glaucoma and endophthalmitis, requiring a
high level of medical intervention, thus reducing the long-
term use of these devices. Furthermore, osteo-odonto-kerato-
prosthesis has shown good long-term anatomical survival rate
and is currently the most common treatment in the case of
end-stage inflammatory corneal disease (Fig. 10), such as

Fig. 10 OOKP (osteo-odonto-keratoprosthesis) type of Kpro originally
developed by Strampelli in the 1960s and refined by Falcinelli in the
1970s (reproduced from ref. 9 with permission from Elsevier, Copyright
2019).°

6494 | Biomater. Sci., 2020, 8, 6469-6504

View Article Online

Biomaterials Science

Stevens-Johnson and thermal and chemical
burns.>°¢

Corneal transplantation remains the preferred treatment
option for advanced stages of stromal and endothelial dis-
eases. Even though tremendous advancement in surgical tech-
niques has been made in the last twenty years, many factors
remain that limit long-term success, such as global scarcity of
donor material, high costs, limited graft survival, allogeneic
graft rejection, the need for immunosuppressants, prolonged
post-surgery management, and the need for highly trained sur-
geons to perform the procedures.”*”?°® Despite the increasing
number of donors in the last few years, the growth of the
global population and the demographic trends will exacerbate
the worldwide issue of donor material shortage. Even in
regions with well-developed eye banking systems, e.g., the USA
and Western Europe, many potential donor corneas have to be
eliminated because of the positive testing for transmissible
viruses (such as hepatitis B and C).>°° Additional aspects, such
as medication history and religious beliefs, further reduce the
donor pool. All these factors promote the search for suitable
engineered tissue substitutes.

Strategies: Corneal tissue engineering can bypass many of
the complications of conventional corneal transplantation,
and thus has gained increasing attention recently. The human
cornea is avascular and immune privileged. Therefore, it is an
ideal organ for tissue engineering since rejection and inflam-
matory responses are less likely to occur compared to other
locations.>'® However, the complex nature of corneal tissue to
maintain clarity and biomechanical stability and bio-inte-
gration of the engineered substitutes remain the main chal-
lenges. Prior strategies include the construction of the ECM
and cells or a combination of both for the epithelial, stromal
and endothelial layers.?!' Few research groups have targeted
more than one layer. Epithelium: Corneal epithelial cells pro-
liferate continuously from the limbus onto the cornea and also
onto centrally implanted tissue-engineered  corneal
substitutes.”’>*"® In the case of insufficient migration or
adherence, the surface of the construct can be optimized by
coating it with collagen, laminin, fibronectin, and fibrin.*'*
Recently, in corneal epithelial tissue engineering, much effort
has been given to searching for biocompatible, mechanically
stable, and optically transparent substrates that allow efficient
cell adhesion, migration, and proliferation for the ex vivo
expansion of LSCs to treat LSCD.*'**'® To date, the human
amniotic membrane (hAM) has been the most commonly used
biological matrix due to its inherent growth factor content,
ability to facilitate epithelialization, low immunogenicity, and
antifibrotic, antiangiogenic, antimicrobial, and antiviral
properties.”*>>'” However, hAM has several limitations. Due to
the possibility of disease transmission, variation in growth
factor content depending on the storage method,*'® and donor
characteristics,” processing following caesarean section is
demanding, particularly to avoid bacterial contamination,>
and, ultimately, the exact mechanism of its action remains
unclear.”’” Accordingly, based on the variable quality of this
material and its reduced transparency,”’? new studies have

syndrome
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focused on the investigation of biological and synthetic
alternatives. For example, collagen constructs promoted CEpC
growth in vitro and in animal models.*'* Nevertheless, the
high water content of collagen hydrogels limits their stability,
which can be increased by either mechanical compression or
chemical crosslinking.”'® Fibrin sealant was used as a sub-
strate for the expansion of LSCs in the treatment of more than
113 patients with LSCD.>'®?*?° Optically robust, highly per-
meable, and elastic, corneal constructs have been produced
from tropoelastin-silk films, supporting CEpCs and CECs
in vitro.”® Human anterior lens capsules supported LSCs;
however, their availability and fragility limit their clinical
application.””” Human hair keratin films showed high light
transmission, but suture loosening resulted in their poor
anchoring to the ocular surface.””” Human LSCs could suc-
cessfully be cultivated on glutaraldehyde cross-linked chito-
san-gelatin combinations. The scaffolds with a higher gelatin
content degraded more rapidly, whereas that with a higher
chitosan content was more stable, but also more brittle.?*®
However, ocular surface reconstruction in vivo with these con-
structs has not been tested to date. Synthetic polymers offer
standardized mass production and lack of biological material,
thus obviating concerns of disease transmission. The results
for FDA-approved polymers, such as poly(lactide-co-glycolide)
(PLGA), hydroxymethylacrylate (HEMA), and polymethacrylate
carriers, are limited to in vitro studies thus far.'°**?* In rabbit
models, implants made from polyethylene glycol (PEG) and
polyacrylic acid (PAA) led to corneal inflammation, haze, and
ulceration.?*>?2® Thus, further investigations are needed to
evaluate their potential. Stroma: In corneal stromal tissue
engineering, different components have been tested similarly
to epithelial tissue engineering. Collagenous materials with
crosslinking or mechanical compression have shown improved
construct stability but limitations in cell viability and matrix
remodeling.>"***” Collagen vitrigels contain a high proportion
of water, which renders them intrinsically weak, unless
blended with other polymers, to create collagen composites or
chemical crosslinkers. However, modification can limit the
direct seeding of cells within the scaffold. Nevertheless, they
do promote dendritic branching, cell elongation, and CSK
expression of keratocan and ALDH in vitro.>*® Other sub-
stances, that have been investigated as alternative stromal bio-
materials include PLGA, gelatin, and chondroitin sulfate.>**>3°
Cell-free corneal implants comprising recombinant human
collagen and phosphorylcholine were recently grafted by
anterior lamellar keratoplasty into the corneas of unilaterally
blind patients diagnosed at high-risk for transplant rejection.
Grafting promoted nerve regeneration, as observed by
improved touch sensitivity and vision in three out of the six
patients.**' Many corneal stromal tissue-engineered constructs
have difficulties meeting the demands of tensile strength,
natural surface curvature, and stromal architecture of the
human cornea, which can result in reduced optical transpar-
ency. Nevertheless, promising approaches to address these
issues have recently been published. The use of curved tem-
plates helped to generate more realistic corneal curvatures and
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facilitated CSK and collagen alignment, leading to an
improved elastic modulus.**> Using peptide amphiphile-
coated surfaces with different anisotropies and cultured
human CSKs, Gouveia et al. created corneal stromal self-lifting
analogous tissue equivalents (SLATEs).>*" These SLATEs were
comprised of aligned collagen fibrils, and hence imitated the
microarchitecture of the human cornea, and were more trans-
parent, thicker, denser, and more resistant to proteolytic
degradation compared to the SLATEs formed with randomly
oriented constituents. The constructs also integrated well in a
rabbit corneal model. In another study, Miotto et al**?
induced self-curving of collagen-based hydrogels via contrac-
tion-inhibiting peptide amphiphiles in certain regions of the
gels. However, the contraction was facilitated by alpha SMA-
expressing corneal stromal cells (i.e., Myo-SFs), which can
cause corneal scarring and reduced transparency. Ghezzi
et al.'® used patterned, porous, thin, and optically clear silk
protein films stacked in an orthogonally, multi-layered archi-
tecture, resembling the human cornea, seeded with human
CSSCs, to generate 3D functional corneal stroma tissue equiva-
lents. The cells secreted characteristic ECM and remodeled the
constructs. Another promising approach is the use of decellu-
larized corneas (DC) from animal and human origins since
they retain the prevailing three-dimensional ECM structure,
biomechanics, biocompatibility, and transparency.”** The
complete removal of all cell remnants is essential to reduce
immunogenicity, and the preservation of the ECM ultrastruc-
ture enables efficient recellularization and high biocompatibil-
ity. To date, different protocols to decellularize entire corneas
or thin stromal lenticules have been promoted, but there is no
agreement on the best approach.>*® The key difference in the
protocols is the preservation of the crucial membranes in the
tissue, i.e., Bowman’s and Descemet’s membrane, with respect
to decellularization efficiency.”*>>*” The drawbacks that still
need to be addressed are the loss of ECM components, altera-
tions of the stromal structure, biomechanical stability and
inability to allow complete recellularization by the host’s CSKs
post-implantation.?*>"**® Endothelium: Human CECs are post-
mitotic in vivo, and thus do not proliferate. However, in vitro,
hCECs have been expanded and reinjected into the eyes of
patients with endothelial disease.**° Attachment was facili-
tated by face-down positioning of the patients. Similarly,
hCECs can also be seeded on stromal constructs and biologi-
cal matrices, e.g., gelatin, collagen I gels (vitrigel), gelMA,**°
and animal and human DC*"**>2*> or synthetic lamellae, e.g.,
PLGA, poly-i-lactic acid (PLLA), and chitosan.*****” These
tissue engineered carriers were transplanted onto Descemet’s
membrane-stripped recipient corneal stromal beds in different
animal models.?"***?323% gynthetic polymers provide high
purity with known chemical composition, physical properties,
structure, and degradation times. Nevertheless, some com-
ponents can induce inflammatory reactions.”*® Biological car-
riers, particularly DC lamellae, advantageously represent a
natural substrate for hCECs.>*® However, grafts can be rejected,
especially in the cases of insufficient decellularization, and
they may transfer infections. In addition, the use of carriers
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from human material does not reduce the dependency on
donor tissue, even though multiple grafts can be engineered
from one donor cornea.

14.4 Stem cells from wisdom teeth

Stem cells from the dental pulp of wisdom teeth have been
reported to have potential to turn into cells of the eye’s cornea
such as stroma cells. Researchers demonstrated that these
stem cells have the potential to become a new source of
corneal transplant tissue made from the patient’s own cells.>*°
Dental pulp cells (DPCs) contain a population of adult stem
cells, and similar to corneal stroma, develop embryonically
from the cranial neural crest. DPCs have the potential to differ-
entiate into cells of the corneal stoma (keratocytes). These
findings demonstrate a potential for the clinical application of
DPCs in cellular or tissue engineering therapies for corneal
stromal blindness, which is a big step towards translational
medicine in the field of ophthalmology.

15. Clinical trials in corneal tissue
engineering

The first treatment developed to reverse LSCD was transplan-
tation.>® For patients with unilateral limbal stem cell
deficiency, three different methodologies are available. The
first involves transferring a large limbal graft from the healthy
eye to the LSCD eye. This methodology decreases the chances
of rejection due to an immunoreaction.>*' However, there is
always the risk of triggering an LSCD phenotype on the healthy
eye, which can lead to bilateral LSCD.>** This approach is not
applicable for patients with bilateral LSCD.*** Even if the
limbal graft is the best method to reverse the LSCD phenotype,
patients with unilateral LSCD can also be treated with conjunc-
tival limbal autograft.*** The addition of conjunctival tissue
decreases the size of the limbal tissue surgically removed from
the healthy eye, thereby decreasing the risk of LSCD formation
on the healthy cornea. However, the addition of the conjuncti-
val tissue increases the risk of conjunctival tissue invasion
over the cornea because the barrier function of the limbus is
not restored. The second methodology involves using organs
from deceased people, which are the easiest to harvest for
transplantation. The same approach was used for corneal
transplantation. Dr Zirm performed the first corneal transplan-
tation with some success in 1905.>*> He transplanted corneas
from a deceased boy to the cornea of an adult patient. One of
the grafts experienced complications, but the graft on the
second cornea maintained the transparency of the patient
cornea. Allograft treatment is usually performed for bilateral
LSCD by transplanting the cornea of deceased people, and
autografts are  wusually performed for  unilateral
LSCD.?08:244,246-248 1y 1993 Langer introduced a new scientific
term, tissue engineering.**® Tissue engineering combines the
fields of biology and engineering to develop artificial tissue
that can to restore or improve the tissue function. This techno-
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logy requires the use of stem cells, which can be isolated from
any human organ.

The etiology of LSCD varies. In total, 249 patients were
recruited in clinical trials of LSCD caused by Stevens-Johnson
syndrome (n = 89), chemical burn (n = 114), ocular cicatricial
pemphigoid or pseudo-ocular cicatricial pemphigoid (n = 57),
and thermal burn (n = 6). Among them, the factors related to
LSCD corneas were variable and played an important role in
the outcome of the transplantation grafting (not transplan-
tation). The average age of the patients was 50.6 years old,
ranging from eight to 86. The donor’s age may play a role in
the outcome of the LSCD treatment. No data was reported
about the potential relationship between patient age (the age
of the oral mucosal epithelial cells) and the outcome of the
treatment after grafting. A review reported that in vivo aging
mesenchymal stem cells show decreased proliferation poten-
tial, differentiation potential, and telomerase length and an
increase in genetic instability.>*® The number of mesenchymal
stem cells isolated from tissues can decrease with age,®!
which can also be the case for oral mucosal epithelial cell
donors. However, no information has been published about
the number of cells isolated per patient or about their potency.
A decrease in MSC proliferation and differentiation potential
was reported with a reduction in the colony forming
assay.>”"** Aged people were reported to have a greater
number of larger and flatter cells in the oral mucosal epi-
thelium, which can be related to a decrease in progenitor
cells.>®® In addition to their decrease in cell proliferation, it
was also reported that mesenchymal stem cells are more sensi-
tive to oxidative stress, undergo more apoptosis, and their
capacity to differentiate is decreased.?*'**>*** Different proto-
cols were suggested as solutions to improve cell viability and
resistance to aging, such as the use of xeno-free expansion
culture media®*® and drugs.>****” The data obtained from
aging MSC can be used to improve the treatment of LSCD with
oral mucosa epithelial cells (e.g., composition of the culture
media). The definition of a disease is one of the important cri-
teria to understand the outcome of a treatment. We did not
review the definition of LSCD since a complete review was pub-
lished by The International Limbal Stem Cell Deficiency
Working Group.>*® Only patients with total LSCD and the loss
of palisades of Vogt were recruited in these studies. If the
central cornea was transparent, patients were not recruited.
For most studies, Schirmer’s test was not performed on the
patient, especially for severely dry eyes. Based on Shimazaki’s
study, the outcome of transplantation could be improved if the
Schirmer’s test is above 10 mm,**° but only 14.3% of the
studies reported the use of the Schirmer’s test. For the inflam-
mation status, the inflammation must be under control or it
can jeopardize the success of treatment.”*® Usually, inflam-
mation occurs after corneal surgery, which is treated with the
injection of steroids.>®* Additional surgeries on the eye must
be performed due to abnormalities such as symblepharon or
fornix."”*»'*1?°! Many patients have these abnormalities, and
thus they should be treated before the cell sheet transplan-
tation is carried out to improve the treatment outcome.”! In
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some studies, symblepharon or abnormalities were reported,
and these were related to the patient outcome. All these factors
(abnormalities, inflammation, and duration of LSCD) should
be recorded and connected per patient to determine a poten-
tial relationship between a successful or failed transplantation.
Among the studies, 85% used NIH 3T3 fibroblasts as feeder
cells and 71.4% used amniotic membranes. Fetal bovine
serum (FBS) or autologous serum was used to grow the epi-
thelial cells into cell sheets in 47.2% of the studies. Bovine
serum or derived bovine products are not fully rejected by the
FDA, but manufacturers must provide the origin of the pro-
ducts.”®® In some studies, the authors used autologous serum
for the growth of the cell sheets®** % or reported the use of
bovine fetal serum and autologous serum without mentioning
how the cell sheets were engineered with the serum.?®’">”° For
FBS, each autologous serum lot was variable between patients,
adding a variable that could affect the cell sheet engineering
manufacturing process, but allowed the patient to use their
own serum with their own cells. However, the FDA rec-
ommends the use of chemically well-defined culture media for
translational purposes in the absence of animal products®’**7?
(FDA source, Class II Special Controls Guidance Document:
Tissue Culture Media for Human ex vivo Tissue and Cell
Culture Processing Applications; Final Guidance for Industry
and FDA Reviewers). This was the case in 19% of the reported
studies for at least the serum used in cell culture.

Engineering cell sheets with Food and Drug Administration
(FDA) approved products is a difficult task, and their harvest-
ing requires specific protocols and growing surfaces. Different
methodologies have been developed to facilitate corneal-like
cell sheet harvesting, including the use of fibrin glue,>”
contact lenses,”*  thermo-responsive surfaces,>”> and
dispase.”’®?”” The last three methodologies were used for
human studies. For the majority of the reported clinical trials,
amniotic membranes were used to harvest and graft the cell
sheet (71.4% of the clinical trials). Amniotic membranes were
initially directly grafted onto the cornea, before being used as
a cell sheet carrier.”’® Tseng et al.*®' showed that the addition
of allograft limbal stem cells to the amniotic membrane
improved the healing process and the corneal epithelium
recovery when both were grafted on the cornea. Similar results
were obtained when corneal epithelial cells were cultured on
amniotic membranes.?”® For total epithelium defects, the com-
bination of epithelial cells with an amniotic membrane pro-
duced higher and faster reepithelization of the cornea com-
pared to the graft with only the amniotic membrane.****%' In
both cases, amniotic membranes were used as a carrier for cell
sheet grafting and as feeder cells. Amniotic membranes are
widely used for cornea cell sheet transplantation;”®?%%283
however, their availability is limited, and the membranes
require the use of sutures to attach the cell sheet to the
cornea. Mouse fibroblast feeder cells are used in co-culture
with the amniotic membrane,'*!261,263,2657267,270,284-286 = pp
innovative approach involved the use of a thermoresponsive
surface that detaches the cell sheet from the culture by
decreasing the temperature to below 32 °C. Poly-N-isopropyl-
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acrylamide was developed in 1968 by Heskins and Guillet.*®”
The hydrophobicity of this intelligent polymer varies based on
temperature. By becoming hydrophilic below 32 °C, water
penetrates under the cell sheet and detaches it without dama-
ging the cell sheet or the extracellular matrix under it.
Numerous types of cells were successfully tested using a
thermoresponsive surface, including keratinocytes, endothelial
cells, hepatocytes, cardiomyocytes, oral mucosa epithelium
cells, and corneal epithelial cells."**”>?8%729 Nishida and col-
leagues pioneered the use of a thermoresponsive surface to
manufacture cell sheets for limbal stem cell deficiency. In two
studies (9.52% of the studies), stratified cell sheets were engin-
eered on an intelligent surface in the presence of mouse
feeder cells and grafted on limbal stem cell deficient
eyes."?"?”> The polymer did not affect the stratification of the
cell sheet, the polarity of the cell sheets, and the stemness of
the seeded progenitor stem cells. After harvesting, the cell-cell
junctions and the extracellular matrix were maintained. A
gentle enzymatic approach was used by Kim in two human
studies®**>?”® (9.52% of the human studies). Engineered cell
sheets were detached using dispase treatment, which cleaves
collagen and fibronectin from the extracellular matrix.>** In
these studies, the cell sheet morphology and phenotype were
not studied, but the results after transplantation showed that
the cell sheet curative properties were not altered by the
dispase treatment. All these approaches do not require sutures
to maintain the cell sheet on the cornea, which is an impor-
tant feature for healing damaged corneas. However, the
majority of the clinical trials reported the use of sutures
(usually 10-0) to maintain the cell sheet on the top of the
cornea, with the use of contact lenses to protect the cell sheet
from mechanical damage from the eyelid.

16. Conclusion

Technology involving tissue engineering is continuously
advancing with various methods and solutions to produce syn-
thetic cornea tissue. For a successful tissue engineered cornea
to be produced, the scaffold, which supports the cells, should
be non-cytotoxic, allow cell attachment, provide a suitable
environment for cell growth and enable transparency, while
maintaining strength to withstand the ocular pressures of the
eye. Scientists and engineers are continuously working
together to find a universal method to produce synthetic
cornea tissue to improve eyesight and heal the cornea, aiming
to meet the ever-growing need for human tissue.

Future perspectives

Despite recent great advances in tissue engineering techno-
logies, clinical application of these tissue engineered scaffolds
still is not a treatment option for patients. Many combinations
of biomaterials have been tested and trialled with no universal
answer for which materials or cells are best suited to enable
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cornea tissue regeneration. Tissue engineered scaffolds can
hold the answer to regenerating diseased or damaged cornea,
either to repair partial or full-thickness defects, which are
more adaptable than other treatment alternatives.

Clinical trials have taken place with some scaffolds;
however, their success rate is still low and requires further
attention to prevent rejection, enable sufficient remodelling in
sync with the scaffold degradation and meet the needs of the
in vivo environment. Having a suitable in vitro environment
that mimics the natural in vivo environment of the cornea can
enable an extensive testing process for patient treatment.
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